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Ultra-Microtomy by a New Method 


By Sanford B. Newman, Emil Borysko, and Max Swerdlow 


Polymerization of n-butyl methacrylate monomer is used as a rapid and simple means 


for embedding fixed biological material. 


The solid resin provides an optically clear matrix for 


cutting very thin sections, one at a time, with a slightly modified conventional rotary micro- 


tome. 
expansion of a brass specimen holder. 


area, and integrity of tissue structure. 


Advance of the embedded specimen toward the knife is obtained from the thermal 
These ultrathin sections have uniform thickness, large 
They are suitable for producing transmission images 


at the higher magnifications of the conventional light, phase-contrast, and electron micro- 


scopes. 


dimensional aspect to the structural details of the tissue. 


are presented. 


I. Introduction 


With the development of the electron microscope 
as a tool of science arose the problem of preparing 
sections of biological materials that would give 
satisfactory images in the instrument. The pene- 
trating power of the electron beam in commercial 
microscopes using accelerating potentials of 100 
kv or less is very slight and, because of the great 
relative depth of field involved, the specimen 
structure is difficult to interpret when sections are 
over a fraction of a micron in thickness. 

Over the years various solutions to this problem 
have been described in the literature, but no 
wholly satisfactory method for sectioning all kinds 
of material has appeared. It would seem that 
any single technique is applicable to only a selected 
group of materials. 
tions and using the thinnest portions for electron 


Cutting wedge-shaped sec- 


microscopy is a technique described by several 
workers [1, 2, 4, 5].!. The methods used, how- 
have been laborious and difficult to 
Sjéstrand [8] produced an _ electron 
micrograph of skeletal muscle fiber from a thin 
Although details of the sectioning tech- 
nique are not given, the text indicates that it was 


ever, re- 


produce. 
section. 


probably some variation of the wedge-section 
method. 


Figures in brackets indicate the literature references at the end of this 


. 


Metallic shadowing of the sections provides greater contrast as well as a three- 


Micrographs and a bibliography 


A more successful approach to the problem 
was the use of the high-speed microtome [7, 12, 13, 
14, 15, 19, 20, 21, 23, 24, 25], but this equipment, 
besides being expensive and complex, produces a 
low percentage of usable sections. Sections are 
cut so rapidly and abundantly that selection is 
laborious and uncertain. 

The most recent effort has been that of Pease 
and Baker [26], who have used standard histologi- 
cal techniques to embed a 1-mm cube of tissue in 
collodion and paraffin. For sectioning, they 
altered a Spencer rotary microtome so that the 
unit of advance was reduced to approximately 
one-tenth of the calibrated value. The micro- 
tome was then reported to produce sections as 
thin as 0.1 micron [28, 29]. 

The need for a practical inexpensive method for 
cutting uniform thin sections, having adequate 
area and integrity of structure, is still apparent 
to those working with commercial transmission- 
type electron microscopes. The growing use of 
the phase-contrast method in optical microscopy 
has made the problem more acute. This paper 
describes a method for obtaining ultrathin sec- 
tions involving the use of methacrylic resins as 
embedding media, a thermal expansion apparatus 
for advancing the specimen in a conventional 
microtome, and metallic shadow-casting for in- 
creasing observable detail in the sections. 
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% II. Sectioning Procedure 
1. Embedding Materials 


It is not intended that this description of the 
materials to be used in producing thin sections 
shall include formulae of fixing solutions, com- 
ponents of the dehydrating series, or other infor- 
mation available in many histological or cytologi- 
cal texts. 

The n-butyl methacrylate monomer used for 
embedding, as purchased,’ contains an inhibitor 
(hydroquinone). This is removed by repeated 
washings in a separatory funnel with a dilute 
aqueous solution of sodium carbonate until no 
color is visible in the washing solution. Calcium 
chloride is used to remove water from the washed 
After the inhibitor is removed, the 
monomer is kept in a refrigerator to inhibit 
Rubber or plastic materials 


monomer. 


polymerization. 
should not be used for storing the monomer. 

A low-temperature catalyst is necessary for use 
at the polymerization temperature required for 
this work. With its optimum activation in the 
temperature range from 40° to 60° C, 2,4-dichloro- 
benzoyl peroxide® has given excellent results, but 
other catalysts may be as satisfactory. It is best 
to obtain the catalyst in a pure form, since certain 
of the plasticizers incorporated in commercial 
products are insoluble in n-buytl methacrylate. 
To remove insolubles, filtration of the monomer 
plus catalyst may be necessary. 


2. Specimen Fixation and Dehydration 


+ Accepted cytological techniques were employed 
without modification for the fixation and subse- 
quent dehydration of the tissues in an ethyl 
alcohol series. The tissues were then ready for 
embedding with the polymer. 
embedded did not exceed 8 mm®* in volume. A 


variety of tissues were fixed in several different 


The specimens 


preparations to determine the suitability of the 
techniques for general use. 
3. Embedding Technique 
(a) Encapsulation and Polymerization 


After dehydration in absolute ethyl alcohol, the 
tissues are transferred to a mixture of equal 





? Obtained from Rubber Chemicals Division, Rohm and Haas Co., Phila* 
delphia, Pa. 
3 Obtained from Lucidol Division, Novadel-Agene Corp., Buffalo, N. Y. 
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volumes of absolute alcohol and monomer 
n-butyl methacrylate. After about 1 hour in th 
alcohol-monomer mixture, the tissue is placed j 
the monomer (without catalyst) for about a 
equal period. To ensure removal of the aleoho! 
the tissues are placed for at least 1 hour in each o 
two additional changes of monomer. 

Gelatin capsules, No. 00, are used as embedding 
molds. The ordinary pharmaceutical colorless 
grade is readily available and easiest to manipu 
late. The main body of the capsule is set upright 
in a wooden block or other base (fig. 1, A). The 
capsule is then filled with the monomer containing 
1 percent (by weight) of the catalyst, 2,4-dichloro- 
The tissue is placed in it with 
the desired orientation. The lid of the capsule is 
slipped into place to retard loss by evaporation, 
and the assembled capsule is placed in an oven at a 
temperature of 45° to 50° C (fig. 1, B). It is 
extremely important that the capsule be evenly 
heated over its entire surface. An oven with good 
air circulation should be used and the filled cap- 
sules suspended in it with strips of cellophane 


benzoyl peroxide. 


tape. 

At the end of 6 to 8 hours the monomer is 
polymerized into a solid matrix. The tissue is, of 
course, embedded at the bottom of the optically 
clear plastic. An additional period of several 
hours at this temperature will ensure complete 
After polymerization the gelatin capsule 
may be removed by soaking in water and peeling 
the softened shell from the resin. 


eure, 


4. Modification of the Microtome 


In the beginning of this study the Spencer 
(Model 820) rotary microtome was modified in the 
manner of Pease and Baker [26]. The angle of the 
slide plane of the instrument was reduced to one- 
tenth of its original value by fastening a milled 
and surface-ground steel shim against the slide 
plane. This, in effect, reduced the cutting 
calibration to about one-tenth of its value. 

By means of this altered instrument a number 
of usable sections were cut from different speci- 
mens embedded in the polymer. However, tly 
microtome thus altered was not entirely satis- 
factory. Although this instrument has proved 
its worth in the production of thicker sections, the 
cutting of fractional-micron sections demands a 
degree of precision for which it was never design 
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Fiat RE 1. Materials and proced ares for uitra-microtomy, 


sulation After fixation and dehydration the tissue, 

butyl methacrylate, is placed in the gelatin capsule 

» whicl percent (by weight) of the cataly 

benzoyl! peroxide, has been added. 

ur ma 4 A se s he 
atu imp ‘ ‘ mme al micr me 
9 fas esca t : chamber ¢ and 

le Ss u the flow of CO; a 
4 | 1 r »| i 1 thu ul srice tr 
A | k 


U' 'ra-Microtomy 


B, Polymerizat 





rhe capsules ai g ue ar t er plu 
talyst are closed and suspended in the circulating-air ‘ at 4 
0° C for ¢ 8 hr to polymerize the liquid 
D, Disassembled thermal expansion apparatus 1) and (2) needle valve 


for CO, gas; (3) brass expansion chamber tapped for the fittings; (4 
st 





tand %-in. brass pipe plug with cavity in face to seat embedded 


we: ¢ ssue in the clear resin with gelatin capsule removed 
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To obtain the desired precision, a metallic 
specimen mount was devised in which the speci- 
men is advanced by means of thermal expansion 
without modifying the mechanism of the Spencer 
microtome. The parts for the arrangement are 
shown in figures 1 and 2. 

The device is essentially a brass block with a 
hole drilled through the long axis and threaded at 





Ultra-microtomy with the thermal expansion 


Fiaure 2. 
instrument. 


The tissue embedded in polybuty! methacrylate is seated in the brass spec- 
imen holder. Compressed CO, gas escaping into the expansion chamber 
behind the specimen cools and contracts the assembly. Stopping or reducing 
the flow of gas with the needle valve allows the apparatus to approach room 
temperature and thus provides smooth continuous advance of the embedded 
tissue toward the knife rhe extremely thin sections are lifted from the 
knife with a dry camel's hair brush. A dissecting needle is used to float the 


section on & warm water surface 


one end to receive a standard %,-in. brass pipe 
plug, which serves as the specimen mounting 
block, firure l, D. A cavity drilled into the face 
of the plug provides a seat for the embedded 
specimen. A needle valve situated behind the 
plug is used to bleed in the coolant, compressed 


After 


advance toward the knife 


carbon dioxide = gas. cooling, specimen 
edge is obtained by 
allowing the assembly to warm up again. The 
process involves the continuous thermal expansion 
of the metallic holder and specimen. This simple 
device can probably be adapted to any rotary or 


sliding microtome 
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5. Sectioning the Tissues 


Before placing the mounted and embedd: 
specimen in the microtome clamp, it is sometim« 
desirable to reduce the area presented to th 
cutting edge. Sections across the whole body o 
the capsule have been cut, but these presen 
certain problems in handling; they often fold o 
themselves, are difficult to flatten, ete. Th 
block containing the embedded material can b: 
held in a lathe and the excess matrix turned dow: 
to any desired diameter, or it can simply b: 
trimmed with a sharp knife. 

In using the thermal expansion apparatus tly 
embedded specimen is first cemented into thi 
mounting block. 


To do this, a small amount o 
a mixture of 1 part of pure gum rubber and 20 
parts of paraffin is melted in the cavity by heating 
the block. The embedded specimen is then 
pushed into the cavity, and the block is allowed 
With the assembled device clamped in 
the jaws of the microtome head, the needle valv: 


to cool. 


is opened, allowing the compressed carbon dioxid: 
gas to escape into the expansion chamber behind 
the mounting block. The entire assembly con 
tracts as it is cooled below room temperature 
Upon the appearance of a thin layer of frost on 
the metal, the knife is adjusted so that the speci- 
men just misses it on the cutting stroke. The 
specimen is then mechanically advanced at 2- or 
3-micron increments until the first slice is made 
The mechanical advancing mechanism is then dis- 
engaged by setting it to zero and the gas flow 
reduced or stopped. After a few seconds the 
specimen, which is set above the knife edge, can 
be cut. Because the specimen is advancing con- 
tinuously, a quick chopping stroke involving one 
complete revolution of the hand wheel is necessary. 
With a little experience one can soon judge the 
necessary time interval between cuts. Some con- 
trol of the rate of specimen advance can be ob- 
tained by bleeding the CO, at various reduced 
If, however, 
the temperature is not too far below surroundings, 


rates into the expansion chamber. 


the expansion potential is small and the needle 
As cutting p 


gresses, the cooling and warming cycle is repeated 


valve can be closed completely. 


as necessary. 
6. Selecting and Preparing Sections 


After being cut, the sections usually are so1 
what folded. They are lifted from the knife with 
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, dry camel’s hair brush, picked up with a dissect- 
ng needle, and placed on a water surface warmed 
After an 
nterval ranging from a few minutes to an hour or 
more, many will flatten out on the surface and 
A little wetting 
water aids in straightening the 


yn a hot plate to about 35° C, figure 2. 


xhibit bright interference colors. 
went in the 
sections. 

Selected sections are floated onto clean micro- 
scope slides and allowed to dry flat. Sections 
prepared for phase-contrast microscopy are placed 
in acetone or toluene for about 4% hour to remove 
the matrix and then mounted in Canada Balsam. 
For ordinary light microscopy, the matrix is dis- 
solved and the sections stained in the usual way. 
Sections for these uses should be affixed to the 
slide by means of albumen adhesive. 

In preparing material for the electron micro- 
scope, the sections are floated from the water onto 
clean class slides and dried flat. No. adhesive 
should be used. The matrix is then dissolved 
from the section by placing the slide in acetone, 
The moist 
the section is left adhering to the glass. 


tissue of 
A dilute 


solution of collodion in amyl acetate is flowed over 


toluene, or amyl acetate. 


Inclining the slide 
It is then 
The col- 


the slide bearing the tissue. 
permits discharge of eXCcess collodion. 


allowed to dry at room temperature. 





Metal shadowed ultrathin section centered on a 
nch diameter 


RE 3 


200-mesh specimen screen ready for 


fron microscopy 


tra-Microtomy 


lodion film containing the sections is floated from 
the slide The 200-mesh 
specimen screens are placed over the area of the 
film containing the section. A 250-watt drying 
lamp, held about a foot from the film at an angle 


onto water. -inch, 


of about 45 degrees, promotes adhesion of the 
If the film is floated on a 
small amount of water on a glass plate, the screens 


screen to the film. 


can be more accurately placed with the aid of a 
The entire film is then 
floated from the plate to a larger volume of water, 


binocular microscope. 


and the freely floating film supporting the speci- 
men screens is removed from the water by flipping 
it over and out with a glass microscope slide. 
The screens are thereby lodged between the film 
and the glass as the film is dried onto the slide. 
The specimens are then removed for observation 
or metallic shadowing (fig. 3). 


7. Metallic Shadow-Casting 


Additional contrast as well as a three-dimen- 
sional aspect to certain details of the thin section 
can be obtained by metallic shadow-casting as 
described by Williams and Wyckoff [10]. 


details of the specifie technique used here are 


Further 
given by Swerdlow and Seeman [27]. The legends 
under the firures give additional data for the 
shadowed thin sections. The shadowed sections 
could, of course, be used for light and phase- 
contrast as well as electron microscopy. 

The sections are freed of the embedding med- 
ium and stripped from the glass slide with a col- 
lodion film as described previously. The sections 
are then mounted (tissue side up) on the screens 
This is the method of 
electron microscopy, 


and shadowed. easier 
shadowing specimens for 
that is, 
strate film. However, if the preshadowing tech- 
niques of Williams and Wyckoff |{11, 16] and 
Williams and Backus [31] relative 
advantages and difficulties are to be used, the 


with the material lying above the sub- 


with their 
shadow-casting is done immediately after removal 
of the embedding polymer. Then the section is 
stripped from the glass slide along with the very 
thin laver of metal by the usual transfer and 
mounting methods. 

Figures 5 to 14 illustrate the results obtained 
The 


microscope was 


with the various techniques described. 


RCA-EMU (50 kv) 


used for this work 


eleetron 
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Ill. Discussion 


The techniques presented here have given satis- 
factory results. However, a few rigid limitations 
in several of the steps in the procedure must be 
considered 

Knife sharpness is of vital importance. How- 
ever, the microtome cutting edges used were 
maintained with two different commercial knife 
sharpeners. The tilt of the knife during section- 
ing Was not particularly critical, no more so than 
16, 9) 


in sectioning for optical microscopy 

The greatest chance for failure appears to lie 
in the polymerization of the embedding mass 
Use of low-temperature catalysts and a polymeri- 
zation temperature of 45° to 50° C will usually 
prevent the formation of resins that are not readily 
soluble, cause distortion of tissue by swelling and 
wrinkling, and have inferior cutting qualities. 
Catalysts, such as benzoyl peroxide, with higher 
activation temperatures should be avoided. Bub- 
bles may form in the embedding matrix, but their 
presence is usually not a bar to the successful 
sectioning of the embedding mass. Occasionally 
tissues are injured during the polymerization 
reaction, and such tissues, which are easily de- 
tected, can be promptly discarded. The mech- 
anism of injury is not clearly understood, but 
delicate tissues and unhardened tissues are more 
often affected. For this reason, the use of fixing 
solutions with good hardening properties is recom- 
mended. The addition of small quantities (10 
to 20% by volume) of methyl methacrylate mono- 
mer to the n-butyl methacrylate has been tried 
and yields a harder resin with somewhat better 
cutting properties but increases the probability 
of tissue injury. 

Methacrylic polymers have poor resistance to 
electron bombardment even at low beam inten- 
sities. For this reason the matrix polymer has 
been dissolved out of the section. An electron 
micrograph of a shadowed section of the poly- 
merized matrix (fig. 4) fails to reveal any particu- 
late forms. Fullam and Gessler [13] showed a 
micrograph of a section of laboratory-polymerized 
methyl methacrylate containing numerous discrete 
bodies Such material does not appear in the 


plastic used here. 
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FIGURI { En hedd ng pol ymer, section, chromium- 
shadowed 4:1). 


Electron micrograph, total magnificatior ~10, 400 (electror <5, 200 


The materials sectioned by this method thus fa: 
have been plant and animal tissues. The ability 
to produce sections for study in the electron micro- 
scope in anything approaching a routine fashion 
would be of immense advantage to research in al- 
most any field of biology or medicine concerned 
with the microstructure of such material. Al 
though fixation artifacts remain problems for 
serious consideration, the new method presented 
here provides a practical inexpensive approach to 
the problem of producing extremely thin sections 
that have uniform thickness, large area, and 
integrity of tissue structure. 


The authors sincerely appreciate the valuabl 
assistance and helpful suggestions of Elmer A 
Koerner, Howard F. MeMurdie, and Barbara M 


Sullivan in the course of this work. 
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Fieure 10. Frog li er, fixed in Bouin's, preshadowed with chromium (4:1). 


Electron micrograph, total magnification * 2,600 (electronic X750, optical X3.5)8 
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Figure 11 


louse red blood cel n brain tissue, fixed in 10-percent formalin B, Mouse liver, fixed in Flemmine’s Electron micrograph, tota whi- 
n micrograph, total magnification =~ X<1,500 (electronic «7%, fication «1,500 (electronic X70, optical x2 ( ue court { Na 
x2 tional Institutes of Healt! 
g's small intestine, section through interior of villus, fixed in D, Frog’s small intestine, section of villus, fixed in Bouin’s Electron 
Electron micrograph, total magnification x 1,500 (electronic micrograph, total magnification < 1,500 (electronic X75), oF al 
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Determination of Nitrogen in Steel 
By John L. Hague, Rolf A. Paulson, and Harry A. Bright 


\ rapid semimicro method for the determination of nitrogen in steel is described. <A 
0.5- to 1.0-gram sample is usually required, and the nitrogen is put into solution as ammo- 
The ammonia is sepa- 
The dis- 
tillate is collected in boric acid solution, and the nitrogen is determined by titration with 
The effect of 


some of the commonly used alloying elements on the acid solubility of nitrogen compounds 


nium sulfate by suitable treatment of the sample with sulfuric acid. 
rated from the bulk of the sample by steam distillation from an alkaline solution. 


0.01-N acid. Provision is made for the solution of difficultiy soluble nitrides. 


in steel is discussed. An accuracy of the order of 0.002 percent of nitrogen or better is indi- 
cated for samples containing up to about 0.05 percent of nitrogen and about 0.003 percent 
for the range of 0.05 to 0.15 percent of nitrogen. In the lower range of nitrogen contents, 
0.002 percent and less, better accuracy can be obtained by attention to pertinent details and 
the use of a colorimetric method for the determination of the ammonia. A single determina- 
tion can be completed in about 10 minutes after solution of the sample, and a group of 10 


determinations cen be carried out in approximately 2 hours. 


I. Introduction 


In connection with an investigation on the 
effect of nitrogen on the hardenability of boron- 
containing steel [8, 9]! it became necessary to 
make a large number of nitrogen determinations. 
The most promising process appeared to be an 
adaptation of the micro technique to the deter- 
mination of small percentages of nitrogen in- 
volved, as it was apparent that an appreciable 
saving in time and reagents could be realized. 

The methods commonly used for the deter- 
ination of nitrogen in steel are the “‘vacuum- 
28] and the 
The latter, generally designated as 


fusion’? method “solution-distilla- 
on” method 
the Allen method [1, 2, 19], depends on converting 
the nitrides in the test sample to an ammonium 
iit by solution in diluted hydrochloric or sulfurie 
id. The ammonia is usually separated by dis- 
llation from an alkaline solution and determined 
The acid- 


ution method then consists of two distinct parts: 


v colorimetric or titrimetric methods. 


solution of the sample and conversion of the 
trides to ammonium salts and (2) the separation 
nd determination of the ammonia. An accurate 


ethod for the separation and determination of 


Figures in brackets indicate the literature references at the end of tl 
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the ammonia is useful only if methods are avail- 
able to decompose and convert the nitrides present 
in the sample, 

Perchloric acid has been recommended [12] as a 
useful reagent for the decomposition of refractory 
nitrides. However, when solutions containing 
perchloric acid were used in attempts to digest the 
acid-insoluble portions of stainless steels, low 
values were sometimes obtained. If the digestions 
were allowed to proceed to the point of fumes and 
beyond, the duration of fuming markedly affected 
the magnitude of the nitrogen losses. Similar 
difficulties have been noted by others, both in the 
treatment of steels [6, 15, 26] and in the digestion 
of organic materials [29]. It was apparent that 
perchloric acid, at least under the conditions used, 
could cause erroneous results; hence the use of 
this acid was abandoned. 

Several methods have been published in which 
the use of sulfuric acid as a solvent for refractory 
nitrides is recommended. Cunningham and 
Hamer [7] advocate filtration of the insoluble 
fuming the filtered 
sulfuric acid containing a mixture of potassium 
and copper sulfates. Kempf and Abresch [13] add 


a smal] quantity of barium chloride to the sulfuric 


nitrides and residue with 


acid solution of the steel and centrifuge the 
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barium sulfate, which has carried down any acid- 
insoluble residue, from the remainder of the solu- 
tion. The residue is digested with H,SO, and 
K,SO,, and the ammonia content of the combined 
solutions determined. T. Swinden [27] has pro- 
posed fuming the sulfuric acid solution of the 
steel for at least 15 min after the addition of 
potassium bisulfate. Brown [4] describes a pro- 
cedure for the determination of total nitrogen in 
steel wherein the steel is dissolved in a mixture of 
diluted sulfuric and phosphoric acids, metallic 
selenium is added, and, after the removal of water, 
the mixture is digested at the point of fumes for 
2 to 4 hr. Newell [21] recommends fuming the 
sample with sulfuric acid and potassium bisulfate, 
after the addition of a few drops of hydrogen 
peroxide, to aid in the decomposition of carbides. 
In the proposed method the sample is fumed for 
+ hr with sulfuric acid to convert the nitrogen- 
containing compounds, unless it is known that a 
simpler process will suffice for the material at hand. 
Hydrogen peroxide is added, as it aids in the 
decomposition of some materials and does not 
lead to loss of nitrogen. 

Steam distillation from an alkaline solution 
appears to be the most satisfactory method avail- 
Beeghly 


[3] has described a semimicro procedure for the 


able for the separation of the ammonia. 


colorimetric determination of nitrogen in steel 
using this separation. In the procedure of Kempf 
and Abresch [14] the steam-distillation separation 
is used. The ammonia is collected in an excess 
of standard acid, and the excess is titrated with 
standard alkali. 

The use of the apparatus devised by Parnas 
and Wagner [22, 23] for the separation of ammonia 
The am- 
monia is collected in a dilute borie acid [30] 


by steam distillation is recommended. 


solution and titrated directly with standard acid, 
using a methyl red-bromeresol green indicator 
mixture proposed by Ma and Zuazaga [20]. The 
volume of the ammonia distillate is kept small, 
approximately 15 ml of solution being collected. 
This small volume contributes to a small titration 
blank and to the sharpness of the indicator change. 
The particular advantages of the proposed method 
are rapidity and ease of operation. An individual 
distillation and titration may be completed in 
approximately 10 min. The total time required 
for an analysis depends principally upon the 
solution procedure required. 
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2. Reagents 


Diluted sulfuric acid (14-2). 
Hydrogen peroxide, (30-percent). 
Borie acid solution, (20 q per I). 
of H,BO, in 250 ml of water. 
Sodium hydroxide solution (30-percent). 


Dissolve 5 ¢ 
Dissolve 
240 g of sodium hydroxide in 560 ml of ammonia- 

free water. 
Indicator solution. 
green in 100 ml of 95-percent ethyl alcohol 
Dissolve 0.1 g of methyl red in 100 ml of 95- 
Mix five parts of bromere- 


Dissolve 0.1 g of bromeresol 


percent ethyl alcohol. 
sol green solution with one part of methyl red 
solution for use. 

Standard hydrochloric acid (0.01—N).—This solu 
tion can be prepared by accurately diluting a 
standardized 0.1—N hydrochloric acid solution 
with distilled water. The factor of the prepared 
solution can be checked against sulfamic acid 
through NaOH solution using the mixed indi- 
cator, or can be compared directly, using the 
mixed indicator, with standard borax solution [18] 


II. Apparatus and Reagents 


1. Apparatus 


Vycor micro-Kjeldahl digestion flasks, 30-ml 
volume (Corning Glass Works No. 15440). 

10-ml microburette. 

Distillation apparatus. 
type, as illustrated in figure 1. 
standard micro-Kjeldahl equipment except for the 
distilling flask (D). The lower bulb of this flask 
is somewhat larger (175 ml instead of the usual 


Parnas and Wagner 
This apparatus is 


90 ml) in volume than ordinarily supplied and ear 
be obtained on special order.2 The steam genera 
tor (A) is a 1-liter round-bottomed Pyrex flask 
filled two-thirds to three-quarters full of distilled 
water. A few chips of silicon carbide are added 
to insure even boiling, and 4 or 5 ml of sulfuri 
acid are added to fix any small amount of ammonia 
in the water. The steam generator is connecte: 
to the side arm of a cylindrical trap (b) of about 
300-ml volume. This trap has a drain at th 
bottom, closed by a short length of rubber tubing 
and a pincheock. A piece of glass tubing, bent a‘ 
a right angle, is connected to the trap with a rubber 


stopper and to the steam inlet tube of the distilling 
? Suitable flasks have been secured from A. H. Thomas Co., Philadelp! 
Pa., and from Scientific Glass Apparatus Co., Bloomfield, N. J. 
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ncaa 


isk (D) with a short piece of rubber tubing. 
he steam inlet tube is also connected to a small 
nnel (C) used to introduce the sample and alkali 
to the flask. The flask (D) is vacuum-jacketed, 


id the exit end consists of an antifoaming bulb 
id trap. 
ibing to a water-jacketed silver-tube condenser 

, and the distillate is caught in a 50-ml Erlen- 
ver flask (F). 


The exit end is connected by rubber 
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Figure 1. Distillation apparatus. 


Immonia-free water.— Satisfactory water can be 
pared by distillation from a diluted sulfuric 
d solution. 

Vessler’s reagent.—Dissolve 50 g of potassium 
ide in a minimum volume of cold water (ap- 
ximately 
ing, a saturated solution of mercuric chloride 


35 ml) and add slowly, with good 


| the first slight precipitate of red mercuric 
de persists. Add 400 ml of a clear 9-N 
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NaOH solution (360 g/liter), dilute to 1 liter with 
ammonia-free water, and allow the reagent to stand 
until clear. Decant the clear supernatant liquid 
for use. 


III. Procedure 


Transfer 0.5 g of the sample to a Vycor micro- 
Kjeldahl flask and add 10 ml of diluted H,SO, 
(1+2),° one or two drops of hydrofluoric acid 
(48%), and a few drops of hydrogen peroxide 
(30%).* Place the flask over a small flame on a 
digestion rack until solution action ceases. If the 
material does not contain acid-insoluble nitrides, 
the acid solution is now ready for the distillation 
of the ammonia. 

Some types of 
material that can be decomposed by a short, 
vigorous fuming after the addition of hydrogen 
peroxide. For these materials, remove the flask 
from the digestion rack, and while holding the 
neck of the flask in a test-tube holder or clamp, 
warm the solution with constant swirling over a 
low flame. When most of the water has been 
driven off, cool the flask under tap water, and add 
1 ml of hydrogen peroxide (30%). Continue 
heating the solution, with a swirling motion, to 


steel contain acid-insoluble 


the point of fumes and fume vigorously for a 
minute or two. Cool under tap water, add 10 ml 
of ammonia-free water, and warm to dissolve 
most of the separated salts. The solution is now 
ready for distillation of the ammonia. 

The sulfuric acid mixtures of some materials, 
particularly those containing celumbium = and 
titanium, also certain other types that have been 
heat-treated, contain refractory nitrides that must 
be treated more vigorously to effect solution. 
After reaching the fuming point, return the flask 
to the digestion rack and continue the digestion for 
3% to 4 hr. 


high to give some refluxing action with the sul- 


The temperature should be sufficiently 


furie acid, and the flask should be rotated occa- 
sionally to prevent excessive caking. Remove the 
flask from the rack, cool under tap water, and add 
Warm the flask 


The solution 


10 ml of ammonia-free water. 
gently to loosen the salts and cool. 


is now ready for distillation of the ammonia. 
3 Carbon and low alloy steels usually dissolve more quickly if 5 ml of water 
is also added. 15 ml of diluted HySO, (143) can be used with these types of 
material. 
* Hydrogen peroxide sometimes makes high-chromium steels passive, and 
this addition should not be made on these types until the sample has reacted 
with the acid, 
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Transfer 5 ml of the boric acid solution (this need 
not be accurately measured) to a 50-ml Pyrex 
Erlenmeyer flask and add four drops of indicator 
solution. The distillation apparatus should be 
steamed-out thoroughly for about 30 min before 
the first determination is made 

Open the pinch clamps of the introductory 
funnel (C) and the outlet tube (B), pour the sul- 
furic acid solution of the sample through the 
funnel, and rinse the digestion flask two or three 
times with small portions of ammonia-free water. 
Light the burner under the steam generator, add 
25 ml of sodium hydroxide solution (30 %) through 
the introductory funnel, and close the pincheock. 
Suspend the flask of boric acid under the con- 
denser. As soon as steam issues freely from the 
drain tube of flask (B), close the pincheock and 
immediately raise the flask of boric acid to the 
proper level. Time the distillation by noting the 
time the top of the condenser (E) becomes warm, 
and continue the distillation for 3 min at such a 
rate that 3 to 5 ml per minute of condensate is 
collected. Lower the receiver containing the boric 
acid and continue the distillation for 1 min. Rinse 
the condenser tip with 1 or 2 ml of water and 
extinguish the burner. ‘Titrate the boric acid 
solution with the standard 0.01-N HCI solution to 
a clear pink end point 

Correct the volume of 0.01-N hydrochloric acid 
required in titrating the boric acid solution by the 
volume of standard acid required in a blank run, 
preferably obtained by carrying a 0.5-g sample of 
nitrogen-free steel through all steps of the pro- 
cedure. The reagents used in this procedure gave 
a blank of approximately 0.15 ml of 0.01-N 
hydrochloric acid. The caleulation is made as 
follows 

net volume of 0.01-N HCI> 
(0.000140) * 100 


0.5 


( » ‘ 
o hitrogen 


In the range of 0.002 percent of nitrogen and 
less, the determination can be conveniently com- 
pleted by using a modification of the photometric 
procedure described by Beeghly. Collect approxi- 
mately 9.5 ml of distillate in each of two Kromatrol 
or Klett colorimeter tubes, add 0.2 ml of Nessler’s 
reagent, dilute to the 10-ml mark, and mix well. 
Measure the transmittancy or absorbency of the 
solution at 430 to 460 yw, after allowing the tube 
tostand 5 min. Determine the amount of nitrogen 
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by use of a calibration curve prepared from dat 
obtained from measurements of known quantitir 
(0 to 20 ug) of nitrogen. The calibrating solutior 
can be prepared by aliquoting portions of 
standardized solution af ammonium chlorid 
Correct the value obtained for a blank determine: 
by carrying all the reagents used through all ste] 
of the procedure [10]. With water purified by 
distillation from a weak sulfuric acid solution, th 
reagents used in testing the procedure gave a blan 
approximating 0.0003 percent of nitrogen on th 
basis of a l-g sample. 


IV. Discussion and Results 


Larger amounts of hydrogen’ peroxide ar 
specified in the procedure than are used ordinarily 
in micro-Kjeldahl digestions for the determination 
of nitrogen. To determine whether the use of 
these larger amounts of peroxide lead to the loss 
of nitrogen, known quantities of ammonia, added 
as ammonium dihydrogen’ phosphate, wer 
digested at the fuming point of sulfuric acid 
with and without the addition of hydrogen 
peroxide, and the determinations completed by 
distillation and titration. The results obtained 
indicate that the addition of 1 ml of hydrogen 
peroxide (30%) does not lead to the loss of 
nitrogen. 

As the distillation of the ammonia is carried 
out in the presence of a relatively large precipitat: 
of iron hydroxide, experiments were also conducted 
to determine whether the ammonia formed during 
solution could be recovered under these conditions 


Known quantities of a standard solution o 
ammonium dihydrogen phosphate were added to 
the sulfuric acid solutions of 0.5-g¢ samples 
either high-purity iron (0.0005% of nitrogen) or a 
low-nitrogen steel (0.003% of nitrogen by t! 
vacuum-fusion method) and the determinations 
completed as described in the recommended 
procedure. The values obtained indicate 
accuracy of +0.001 to 0.002 percent of nitrog: 
for samples containing up to about 0.05 perc 
of nitrogen, and an accuracy of +0.002 to 0.00 
percent of nitrogen in the range of 0.05 to 0 
percent of nitrogen. 

The accuracy actually obtained in a determ 
ation on a steel sample is somewhat more diffi 
to assess, since good “check” values on repli 


determinations may indicate only that the sam] 
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decomposed to the same extent. However, 
comparison of values obtained by the recom- 
nded procedure with those obtained by the 
cuum-fusion process indicates that the accuracy 
the method is very close to that indicated by 
e experiments on synthetic samples described 
the preceding paragraph. 
The problem of checking the accuracy of the 
iotometric procedure for low nitrogen contents 
also a difficult one. However, samples from 
vo experimental ingots of high-purity iron gave 
ilues of 0.0007 (average deviation of 10 deter- 
inations 0.0003) and 0.0012 percent of nitrogen 
verage deviation of 10 determinations 0.0002 


omparison of these values with those obtained 
vacuum-fusion (0.0004 and 0.0009 percent of 
trogen) indicates the accuracy to be better 
than 0.0005 percent of nitrogen in this low range 
A comparison of the values obtained by the 
ecommended procedure (section IIL) with those 


‘btained by the vacuum-fusion procedure over a 
p riod of several years revealed several interesting 
sources of error that can be encountered in the 
determination of nitrogen. 

In one instance, a series of steels in the form 
of thin, flat sheets was received for analysis. The 
first analyses by the chemical procedure indicated 
a value of about 0.002 to 0.003 percent of nitrogen, 
whereas those obtained by the vacuum-fusion 
process indicated a value on the order of 0.005 to 
0.006 percent of nitrogen. An exchange of the 
prepared samples confirmed the approximate 
difference, which was finally traced to the fact 
that the samples originally used for the vacuum- 
fusion analyses had been “surface cleaned” on a 
high-speed grinding wheel. With the large surface- 
to-weight ratio of this type of sample, apparently 
sufficient “nitriding” of the surface had occurred, 
due to the heating of the sample during grinding, 
to cause significant error, for when the determina- 
tions were repeated by both methods on “pickled”’ 
samples, concordant values in the neighborhood 
of 0.002 to 0.003 percent of nitrogen were obtained. 
Such difficulties have been encountered by others 

7}. 

In another case, a sample that had been an- 
healed under helium was received for confirma- 

n of a nitrogen content of about 0.0003 percent. 
Using the straight acid solution technique usually 

ploved in the “Allen-type”’ methods and_ the 

nimicro adaptation of the Nessler colorimetric 
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procedure to determine the ammonia, a value 
closely approximating 0.0003 percent was ob- 
tained. However, when the sample was digested 
for 4 hrs at the fuming point with sulfuric acid, a 
value of 0.002-percent nitrogen resulted. Ob- 
viously, not all of the nitrogen compounds were 
converted to ammonia by solution in diluted acid, 
and similar instances can be found in the liter- 
ature [5, 11, 16, 25]. 

A detailed study of various solution techniques 
was made on NBS Standard Sample 32d, a 
chromium-nickel (SAE 3140) steel that contains 
refractory nitrides, and the results are summa- 
rized in figure 2. The horizontal bar represents 
the maximum and minimum value obtained for 
the particular solution procedure specified, and 
the vertical bar gives the average value obtained 
for the number of determinations specified in 
parentheses. 

Titanium is known to form nitrogen-contain- 
ing compounds in steel that are quite insoluble in 
diluted acid or alkali. The behavior of NBS 
Standard Sample 12la, a titanium-bearing cor- 
rosion-resisting type of steel, is typical of a num- 
ber of steels of this type examined [24] and is sum- 
marized in figure 3. The average value of 0.015- 
percent nitrogen obtained for the samples fumed 
4 hrs compares favorably with the certificate 
value of 0.014 percent. Figure 4 illustrates the 
behavior of a type 347 corrosion-resisting steel 
containing approximately 0.8 percent of Colum- 
bium and is typical of the behavior of the samples 
of this type of steel examined. The loss of nitro- 
gen by fuming solutions containing perchloric acid 
is also illustrated. 

Figure 5 presents the behavior of NBS Stand- 
ard Sample 50b, an ISW,4Cr, 1V type of tungsten 
tool-steel. The short, vigorous fuming (temper- 
ature effect) and the addition of peroxide appear 
to aid in the decomposition of this steel, but a 
sufficient number of samples of this type have 
not been examined to allow the recommendation 
of the short fuming procedure for general use. 
The nitrogen compounds in this type of material 
are generally only partly soluble in diluted acid. 

Many carbon and alloy steels will, for all practi- 
cal purposes, yield the total nitrogen content by 
simple solution in diluted sulfuric acid. However, 
those containing even small amounts of an ele- 
ment such as titanium frequently do not yield 
all their ifitrogen under these conditions. The 
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short, vigorous fuming with sulfuric acid and 
eroxide appears to aid in the decomposition of 
his type of material. These rapid solution pro- 
edures should prove useful where they can be 
shown by experiment to be applicable, especially 
n plant laboratories where the elapsed time of 
inalysis is important. 


The authors are especially indebted to H. E. 
Cleaves, Chief of the Chemical Metallurgy Sec- 
tion, whose staff determined, by the vacuum- 
fusion method, the nitrogen content of many of 
the samples used in testing the procedure; and 
to K. D. Fleischer, formerly of the Chemistry 
Division, for valuable assistance in the early 
stages of the development of the method. 
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Seasonal Variation of Ozone at Washington, D. C. 


By Ralph Stair 


This paper gives data on the variation in the total amount of ozone in the atmosphere 
pay I 


above Washington, D. C., covering a 9-year period extending from 1934 to 1943. The amount 


of ozone was determined from solar ultraviolet measurements made by means of a phototube 


and filter method on direct sunlight 


The ozone determinations indicate a seasonal variation having a maximum value during 


late winter and early spring (range 0.20 to 0.30 centimeters normal-temperature pressure 


with a minimum value in late summer or early fall (range 0.16 to 0.20 centimeters normal- 


temperature pressure). 


No correlation appears to exist between total ozone value and surface pressure pattern or 


between ozone value and sunspot number. 


A close correlation does, however, exist between 


total ozone and air temperatures at altitudes near 8 kilometers, that is, within the upper 


part of the troposphere 


\ slight opposite correlation appears to hold for altitudes within 


the stratosphere, with the change-over occurring near the level of the tropopause. 


I. Introduction 


The data on the variation in the total amount 
of ozone above Washington, D. C., recorded in 
this paper are based upon measurements of direct 
iltraviolet solar radiant energy made on clear 
days at the National Bureau of Standards. The 
original data were obtained in collaboration with 
W. W. Coblentz, formerly Chief of the radiometry 
aboratory of this Bureau, and represent 244 days 
vithin a 9-year period extending from 1934 to 
1943. Ordinarily measurements were made only 
on days when there was little smoke or haze and 
the sky was relatively free from clouds. During 
most of the 
made, the wind was from a westerly direction 


lays on which measurements were 


vhich, coupled with the fact that the observing 
tation is in the northwest edge of the city, 


resulted in essentially “country air’ conditions. 
Exeept during the winter months when the solar 
iltitudes were low, even at noon, most of the 
neasurements employed in this work were ob- 
ained through an air mass not exceeding 1.5 
tmospheres, so that most of the data are based 
m measurements of high-intensity ultraviolet 
olar radiant flux densities. 


The method employed in this work involves the 
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use of titanium phototubes sensitive to solar radiant 
energy between about 3,000 and 3,400 A, together 
with glass filters having transmittances beginning 
at 2,900 to 3,100 A and increasing with wavelength 
Since ozone is strongly absorbing within this region 
of the spectrum, any change in its value is imme- 
diately reflected as a change in the observed 
transmittance of the filters. Likewise, a change 
in the relative spectral emission of the sun would 
produce a similar change In the observed filter 
transmittance. Although it is known that there 
are large fluctuations in the short ultraviolet 
emission from the sun [1, 2, 3],' which appear 
to be associated with sunspots and other solar 
activity, no extensive study has been made either 
of variation of solar radiant energy at these 
wavelengths or of ozone changes accompanying 
them. It is assumed, however, and the present 
work seems to bear this out, that any change in the 
relative spectral energy within the range of 3,000 
to 3,400 A is small or nonexistant. Hence. it is 
believed that changes in solar emission may be 
neglected without introducing a serious error in 
the determinaton of the total amount of ozone 
at any particular time. 


Figures in brackets indicate the literature 1 


paper. 








II. Instruments and Methods 


In this work the two Westinghouse type 767 
titanium phototubes (No. 1 and No. 4) and four 
filters, together with the sensitive d-c amplifier, 
were employed, as described in previous papers 
[4, 5], in connection with the determination of 
ultraviolet solar radiant-energy intensities. As a 
matter of fact, some of the solar data employed in 
the present determinations were included in the 
earlier reports. In the present case, however, 
attention is given only to their use in ozone deter- 
minations. 

The general method employed in the reduction 
of the data in the present work is the same as that 
previously used and described in detail elsewhere 
(6, 7, 8]. The relative spectral response curves of 
the two phototubes, the spectral transmittances of 
the four filters, spectral transmittance curves for 
selected amounts of ozone, and Rayleigh scattering 
transmittance factors for various air masses are 
given in figures 1 and 2 to illustrate the general 
region of the spectrum involved in the measure- 
ments and calculations. For detailed information 
regarding the method, reference should be made to 
the previous publications. In general, measure- 
ments were made alternately with two phototubes 
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tanium phototubes, also the spectral transmittances of the 
four filters. 
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Figure 2. Spectral transmittance of the atmosphere in 


terms of molecular (Rayleigh) scattering and ozone 
absor ption. 


Scattering data are given for several air masses, MM; ozone transmission data 
are given for varying thicknesses of ozone, normal temperature pressure 


and four filters. However, on many days when 
only a few measurements were possible, especially 
during the winter months, because of changing 
weather conditions, only one phototube was em- 
ployed. As the two phototubes and the separate 
filters were calibrated independently, it is to be 
expected that the eight determinations (using 2 
phototubes and 4 filters) of ozone from any one 
complete set of measurements would be scattered 
over a limited range. Hence, to reduce this scat- 
tering to a minimum, a mean is taken for the four 
filter measurements and plotted (see fig. 4) in the 
illustration as a single ozone determination. A 
second adjustment, amounting to 0.01 cm of ozone, 
was made to bring the data for the two phototubes 
into agreement, so that on days when a single 
phototube was employed the values obtained 
would be representative of the mean for the two 
tubes. The data shown in figure 4 are representa 
tive of individual determinations on 4 days having 
high, medium, and low amounts of ozone. From 
each daily curve a weighted mean value was 
obtained for use in figures 5 to 10, inclusive (values 
from 10:00 a. m. to 2:00 p. m. were given greate! 
weight). 


Ill. Solar Energy Curve 


The determination of ozone by this method i 
based upon an energy curve of the sun outside th 
earth’s atmosphere. Measurements have bee 
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Figure 3. Distribution of energy in the extreme ultraviolet of the solar spectrum, 


Phe ordinates for the Pettit and Stair curves are given in terms of microwatts per square centimeter per 10 angstroms. For the other solar curves and for the 
black body temperatures the ordinates are arbitrary. 


made by many observers, but in most cases the with the low sensitivity of the equipment, as well 
lata either do not include the region of 3,000 to as the fact that in many of the measurements only 
400 A, or else they are insufficiently accurate a segment of the solar disk was employed, render 
the purpose. Some of the best data extending the short wavelength ultraviolet data much less 
even below 3,000 A were obtained at Mt. useful. Data published by Mulders [10] extend 
Wilson Observatory by Pettit [9]. However, the to 3,000 A, but they likewise lack sufficient wave- 
of wide slits (about 100 A) by Pettit, together length dispersion to show more than a rough 
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itunhofer structure In general, measurements 
Abbot {11}, (,6tz 13], Hess [14], 


[15], and others give few or no 


12], Reiner 
rv and Buisson 
ful data within the spectral region from 3,000 
bout 3,400 A, that is, within the spectral region 
ployed in this investigation. 
nstruments transported aloft by rockets offer 
it promise, as exemplified by a single prelim- 
ry set of data recently reported by Hulburt 
Although 


s, these data are no doubt the best available 


obtained under adverse condi- 
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SI701S8 Paty 


for the spectral region of 3,000 to 3,400 A. The 
published curve is, however, the upper envelope 
of the solar Intensity curve and does not include 
When addi- 


tional data of this type have been obtained and 


the dips due to Fraunhofer lines 


proper corrections made for Fraunhofer and othe 
line and band absorption, the measurement of 
ozone concentration will have been established on 
Meanwhile it 


hecessary either to assume or calculate a sola 


a much firmer basis. becomes 


energy curve applicable to the measurements 
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Fieaure 8 Positive correlation in the winter between the 


being made. For the present work, the relative 
energy curve obtained and employed in previous 
work [6, 7, 8] has been used This calculated 
curve, together with some of those observed by 
others, is shown in figure 3. It is to be noted that 
this curve was obtained by a phototube and filter 
integration method and may not be precise with 
regard to specific features, as the curve obtained 
is simply a smooth curve, which appears to repre- 
sent best the experimental data on which it was 
based On the other hand, the eurves obtained 
by Pettit or by the Naval Research Laboratory 


in the rocket experiment are not fully corrected 
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Ficure 9 Negative correlation during the year between the 


amount of ozone and air te mperatures at an altitude of 
16 km 


amount of ozone and at ratures at an altitude of 8 } 


tem pe 


calculated curve is preferred and used in this wor! 
because its use results in closer agreement with 
the experimental data for high air masses relativ: 
to low air masses, as pointed out in a 
report [8]. The minimum 
3,100 A is not substantiated by the NRL data 
[16], which show a lesser minimum located at 
3,000 A. In some of Pettit’s [9] data a 
marked minimum appears about midway betwee: 
3,000 and 3,100 A, whereas Mulders [10] shows 
3,100 A 
the present time to set up any solar energy curve 
between 3,000 and 3,400 A with certainty. 


previous 


broad located near 


about 


located at Hence it is not possible 


It is, of course, further recognized that the use ol 
a fixed solar energy curve within the spectral regio 
of 3,000 to 3,400 A allows no liberty for actu 
Variations in its shape from day to day as the resu 
of solar activity. If the short wavelength ultra 
violet should increase relative to the longer wav: 
lengths, the effect would be equivalent to an in 
cated decrease in ozone. Then if more ozone is 
produced by the more intense ultraviolet, t! 
over-all effect reduces, apparently, to the case of 
constant ozone and constant spectra! quality 
solar radiant energy. This explanation is fat 
well contradicted, however, by the fact that lat 
short-time fluctuations in ozone amount are 1 
observed, as would be expected if the spect 
quality changed and ozone measurements we 
made before an equilibrium condition could 


reached. 
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IV. Amount of Atmospheric Ozone 


The mean amount of Ozone, based on the eal u- 
ted solar energy curve of figure 3, is displayed 
figure 5 for each day on which observations were 
de during the 9-vear period extending from May 
4 to April 1943. Each the 


ram is displayed in terms of the general pres 


point shown on 
e condition existing on that particular day, so 
it any obvious relationship between pressure 
ttern and amount of ozone should be revealed. 
pressure patterns were obtained from U.S 

The smooth curve 
Variation im ozone 


the seasonal 


s simply located, without resort to mathemati- 


resenting 


calculation, in such a manner that an approxi- 
tely equal number of observed points fell on 
h side of the line 
: applied to the other illustrations. 


The samme simple procedure 


Several things are worthy of note in this illustra- 
tL other than the fact that the observed seasonal 
ation agrees in both magnitude and time with 

18, 19, 20] 


obtained by other observers [17 
similar latitudes. Although there appears to 


) observable relationship between pressure 


rn and total amount of ozone, it is during 
e periods of the vear, namely the late fall, 
ter, and spring, when pressure pattern changes 
pronounced, that both high values and erratic 
ves in ozone are observed, whereas during the 
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summer “quiescent” period the ozone value re 

































mains low and relatively constant 

Although it does not seem possible to establish 
any definite connection between the pressure pat- 
ozone value, there is a relationship 


tern and 


between movements and ozone concentration 


The 


areas 


air 
between evilcont 
the 


multiple types of S\ hoptic air Masses reaching the 


seeming noncorrelation 


and ozone can be accounted for by 


Washington Area. For example, Dobson and 
his collaborators [17] found the highest ozone 
values above the rear of evelones In Western 


21, 22] found the highest 


Europe, while Lejay 


ozone during anticyclonic weather in’ eastern 
China This apparent discrepancy has been 
analyzed by Haurwitz [23] on the basis of the 
height of the synoptic air mass, that is, in both 


cases the OZone would be highest mn evelones nt 
high high 


levels If the present data could be analy zed after 


levels and lowest. in anticvelones ut 
this fashion, a similar relationship would probably 
result, judging from the temperature relationships 
given in a later section of this paper 

An attempt was made in figure 6 to reveal any 
simple relation between total ozone and solar dis- 
For this 
the sunspot numbers [24] recorded for the davs on 
No. correlation 


turbances purpose, use was made of 


which observations were made 


appears to exist. In a similar manner, when the 


ozone values were plotted as a function of the total 
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sunspot number for a period of 10 days preceding 
measurements, the correlation was 
Hence, it appears that if 


the ozone 
again essentially zero. 
there is any change in short wavelength ultra- 
violet solar radiant energy associated with excess 
solar sunspot activity, it has little effect upon the 
total ozone over a particular locality. 

According to the investigations of Wulf and 
Deming and others [20, 25, 26], excess accumula- 
tion of ozone would be reduced greatly because of 
two facts. First, the photochemical production 
of ozone occurs principally at altitudes exceeding 
30 km, below which level is 90 percent of the 
ozone present at any time within the atmosphere; 
and secondly, an equilibrium condition in the 
amount of ozone above the level of maximum 
concentration is quickly restored once it has been 
disturbed. According to their views, we should 
probably not expect to find a definite correlation 


between amount of ozone and the magnitude of 
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solar activity as indicated by the number of 
sunspots [42]. 

In figures 7 to 10 some of the data on total 
amount of ozone are plotted as a function of 
upper-air temperatures measured at Washington 
D. C., by the United States Weather Bureau 
through the use of the radiosonde [27]; the tem- 
perature data were obtained from Weather Bureau 
files. Most of the 
were made near noon on the days on which the 


temperature measurements 
ozone measurements were made. In some cases 
the data were taken in the early morning hours 
and in some others it was necessary to use mid 
night values because of failure of midday radio 
sonde flights. For the greater part of the work 
the upper air temperatures correspond in_ both 
time and place with the ozone measurements 
This is an important factor, since radical changes 
in upper-air conditions often occur within 12 hi 

In the work of Meetham |28, 29], many of the 
radiosonde measurements were made at points 50 
to 120 miles distant, so that entirely different 
upper-air conditions could easily have prevailed 
between the two stations. Nevertheless, his wor! 
shows a certain amount of correlation between 
ozone and upper-air temperatures, pressures 
height of tropopause, ete., but not of the magni 
work and most 


tude existing in the present 


beautifully displayed (in fig. 7) by the spring 
summer-fall values for an altitude of S km. Th 
winter values for the same altitude shown in figuri 
8 scatter more for a number of reasons, such as 
instrumental errors as a result of low solar inten- 
sity, small uncorrected temperature coefficients of 
the glass filters, and greater dust and smoke seat- 
tering, which, spectrally, may not be entirely 
nonselective. 

If the ozone values are plotted as a function of 
the upper-air temperature at some point we 
within the stratosphere, for example at 16 km 
(see fig. 9), there is a much lower correlation be- 
tween the two, and it is opposite to that existing 
in the region of S km. At 12 km, just above t! 
tropopause (see fig. 10), the correlation is st 
lower—in fact it is near zero, as is to be expect: 
at or near the tropopause. Inasmuch as t! 
mean altitude of the tropopause shifts with t! 
season of the year, one might expect a seasot 
shift in the ozone-temperature correlation curv: 

If the correlation had been made in terms of t 


amount of ozone as a function of the altitude 
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tropopause, the agreement would probably be 
good as in the case when correlated with the 
nperature at 8 km, since the tropopause shifts 


th temperature changes below that level. In 


er words, high ozone values are associated 
h low tropopause altitudes as previously found 


\Meetham [29]. 


V. Discussion of the Ozone Data 


Che ozone data recorded herein show, in agree- 


it with other investigations [17, 18, 19, 20, 30, 
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31, 39], in particular that of Dobson and Gétz, a 
marked seasonal variation. They also show sig- 
nificant changes that are in some way connected 
with air mass movements, but which cannot be 
tied down to surface conditions of pressure, tem- 
perature, ete. The curves reproduced in figures 
11 and 12, relative to the vertical distribution of 
[33 to 40] 


peratures as a 


and those for measured air tem- 
altitude for 


ozone 
function of several 
days on which measurements were made indicate 


a very close relationship between the position of 
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the ozone band and normal atmospheric charac- 
teristics. Very little ozone normally exists within 
the troposphere as the result of air currents that 
rapidly bring it into conditions of pressure, tem- 
perature, ete., that accelerate its degeneration. 
This fact is illustrated by the experimental data 
reproduced in the curves of figure 11, which show 
but little ozone until altitudes above the tropo- 
pause are reached. Hence, the irregularities in 
the temperature curves in the lower part of the 
atmosphere (see fig. 12) would not be expected to 
affect directly the amount of ozone in any way. 
It is only when something happens at a much 
higher level, in general, to change effectively the 
position of the tropopause, that fluctuations in 
the ozone value would be expected, An analysis 
of the curves of figure 12, taking into account the 
vertical distribution of ozone (see fig. 11) and the 
observed relationship between the amount of 
ozone and the temperature at) Various altitudes 
(see figs. 7 to 10), indicates that ozone changes 
are directly associated with air movements above 
about 60or 8S km. <A vertical motion of the air at 
these levels would change the temperature below 
and above the tropopause, as well as change the 
tropopause level. Similar changes in atmospheric 
characterics would result with lateral movements 
of air from other latitudes. Both of these move- 
ments occur, as can be determined by cloud 
movements. As a matter of fact, rapid vertical 
motions at altitudes as high as 25 km have been 
observed by Stormer [41]. Both high-vertical and 
lateral-air movements are sometimes observed in 
trails left by meteors. The relative importance 
of these two types of air movements in increasing 
or decreasing the amount of ozone at a particular 
station Is unknown, 

A combination of air motions wherein a sig- 
nificant part of the ozone laver moves downward, 
together with a lateral inward motion of air of 
high ozone content, could be expected to result in 
a very high ozone value. Similarly, an opposite 
type of air motion should produce a very low 
ozone value. In either case, any disturbance 
within the upper 10 percent of the ozone layer 
would rapidly be brought to equilibrium as the 
result of normal photochemical reactions. 

If the measurement of ozone should be placed 


on a routine basis and correlated with other upper- 
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air measurements at a number of stations withir 
a continental area, for example, much informatio: 
on this subject should soon become available. 
The existence of a noon “dip” in the daily 
ozone curve (see fig. 4) continuing into the after 
noon may be subject to some question, as it is 
not found in any early published investigation 
available to the author. A noon dip has, however 
been observed and described in recent papers by 
Ramanathan [43] and by Karandikar [44]. Th 
noon dip is not large but nearly always occurs no! 
only in the data for Washington, but also in 
measurements made in both mountain and desert 


[5, 6, 7, 8] locations using the same or simila 


instruments. If the noon dip is real, its magnitud 
may be even larger than indicated in figure 4, as 
its existence is very much dependent upon the 
solar energy curve emploved in the calculations 
If one of the curves as observed by Pettit [9], or 
that obtained by the NRL] 16) group, be employed 
in the calculations, the noon dip is appreciably 
greater. The total ozone value is also greater. To 
remove effectively the noon dip would require the 
use of a solar energy curve even steeper within the 
spectral range of 3,100 to 3,400 A than that now 
employed. This procedure seems unjustified at 
the present time. It is rather to be expected that 
the noon dip is real, and that we should eredit its 
existence to either a diurnal decrease in ozone o 
to some other variable atmospheric condition that 
affects the relative spectral transmittance of th 
atmosphere. Changes in size of water particles or 
amount of dust have been suggested, but neithe: 
existed in appreciable quantity in the case of som 
of the mountain and desert measurements. Fur 
thermore, there seems to be no obvious relation- 
ship between local humidity and observable dust 

ness and apparent ozone value from measurements 
made on days when they are high. Recent exten- 
sive measurements made by the author at a high 
altitude station in southern New Mexico, wher 
haze and humidity are extremely low, shoul 
when reduced, do much toward clearing up tl 

question of a noon dip in ozone value. 

In conclusion, a question may be raised about 
possible errors in all past ozone work resulting 
from unknown or uncorrected temperature coelli- 
cients [45]. The high correlation between zor 
air temperatures and ozone amount observed 
this work may be significant in this respect. 
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Surface Tension of Molten Zinc Borates 


By Leo Shartsis and Rodrigo Canga ' 


Che surface tension of melts in the system ZnO-B,Os, 


ZnO, 


were 


measured with a maximum pull-on-cylinder method. 


ranging from Oto 79.5 percent of 


In the two-liquid region, 


which extends from approximately 0 to 53 percent of ZnO, the value of surface tension was 


BO 


that of 


two-liquid region, the surface tension value increased rapidly. 


within the limits of experimental error 


With percentages of ZnO beyond the 
Melts 


containing approxi- 


mately 55 to 65 percent of ZnO showed minima in the curves of surface tension versus 


temperature, 


perature coefficients of surface tension, The 


negative coefficient 


temperature 


were @iso rie asured, 


I. Introduction 


Zine oxide and boric oxide are used extensively 


classes, glazes and enamels. It was considered, 


) 


herefore, that a study of surface tension in this 


stem of oxides might be of interest in several 


lds of ceramics. 


Furthermore, studies of simple 
stems are not only interpreted more easily but 
so may be of use in the study of more complex 
stems. 


\ further consideration in the selection of the 


Vstem zine oxide-boric oxide for study was the 


_ 


~ 


pectation of obtaining additional data for the 


positive temperature coefficients of surface tension. 


evious studies [1]? had indicated that the 


phenomenon would probably occur in the present 


idy. 

The normal process tending to lower the surface 
nsion as the temperature is raised is generally 
nsidered to be associated with the decrease in 
force of attraction between adjacent molecules 
their average distance of separation increase 
h rising temperature. The mechanism leading 


oO coefficients of surface 


negative-temperature 
sion should always be operative in liquids that 
ea positive thermal expansion. Any mecha- 
m that operates to give a positive coefficient 
entificas, Ma- 
1v4s—49 


brackets indicate the literature references at the end of t 


le Optica. Conse Superior de Investigaciones ( 


(juest worker at the National Bureau of Standards 
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of surface tension. 


Melts containing approximately 65 to 75 percent of ZnO had positive teme 


melt containing 79.5 percent of ZnO had a 


The densities at room temperature 


must then be considered as superimposed upon 
the normal tendency. 

Two mechanisms have been proposed for ex- 
the increase in surface tension with 
increasing temperature. W.A. Wevl [2] postulated 
that this phenomenon is caused by the presence of 


plaining 


asymmetrical groups in the surface of the melt as 
the 
coefficients of surface tension of some glasses high 
in PbO and of fused BOs. 
orient themselves so that the surface energy is a 


based upon observed positive temperature 


These groups tend to 
minimum. As the temperature is increased, the 
increase in the thermal agitation of the asym- 
metrical groups produces a decrease in the effective 
asvmmetry, thus raising the surface tension 
Another mechanism, first proposed by Worley 
[3,, depends upon the concentration changes taking 
place in the surface of a liquid as its temperature is 
raised If the surface concentration of a com- 
ponent that depresses the surface tension of the 
liquid decreases with increasing temperature, the 
effect is to the 
surface tension. This counteraction, depending on 
the the effect, the 
coefficient to become less negative, attain a zero 
On the other 


counteract normal decrease in 


magnitude of may cause 
value, or even to become positive. 
hand, an increase in the surface concentration of 
the capillary active component with rise in tem- 
perature should result in an intensification of the 
negativity of the coefficient of the test liquid. 
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An important point to note is that, according to 
this mechanism, the coefficient of the pure capillary 
active substance does not determine the coefficient 
of the solution. Thus, although phenol and water 
each have negative coefficients, some of their 
mixtures have positive ones, and molten PbO and 
mo.t n BO, have positive coefficients, whereas 
some of their molten mixtures have negative ones. 
Pure substances such as B,O,; and PbO, which 
have positive coefficients, are molecularly com- 
plex according to this theory 

Worley’s concepts were applied to the data 
obtained with the svstems PbO-B,O, and PbO- 
SiO, [1]. The slope of the curve for surface 
tension versus concentration of PbO, [Ag/Ac],, was 
estimated at several temperatures from the data 
on the surface tension of the system Ph )- B.A ), for a 
composition containing 85 percent of PbO (table 
I It will be noted that for this liquid the slope 
is negative. This implies that the surface contains 
more PbO than the interior of the liquid according 
to the Gibbs adsorbtion isotherm [4]. The 
absolute value of the concentration coefficient is a 
measure of excess PbO that decreases as the 
temperature is raised and becomes zero at 900° C 
at which temperature the concentration of PbO 
in the surface is the same as in the interior of the 
liquid. Since an increase in the PbO content lowers 
the surface tension of this liquid, the decrease in 
PbO concentration in the surface resulting from 
increase in its temperature raises the surface 
tension, therefore, this liquid has a positive 
temperature coefficient of surface tension. 


PABLI # Change 0} concentration co ficient of surface 
tension ({Ag/Ac]r, dynes/em percent of PbO) with tem- 
perature for some melts in the systems PbO-BeoO3 and 
PbO-SiOp2 [1]. 


PbO-B,O 
Percentage 
of PbO 
ooo ¢ Too ¢ sweec oo Cc 
s 5 0 
‘ ri 1S 
a Pho-sSio 
we of 
s10 
wo ¢ 1.000% ¢ 1L.100° ¢ 1,200° ¢ 1,200? ¢ 
6.3 64 6 5.5 4.5 11 
168 »>y > > >s 2.7 


222 


It is interesting to apply the same type of 
reasoning to the melt that contains approximately 
71 percent of PbO (table 1). 
coefficient of surface tension is positive, implying 


The concentration 


that there is less PbO in the surface than in the 
interior, and the value of the coefficient is a meas- 
ure of the amount of this deficiency. Since the 
coefficient rises with increasing temperature, the 
concentration of PbO must decrease as the tem- 
perature rises. In this concentration region, how- 
ever, PbO raises the surface tension and, therefore, 
decrease of PbO in the surface must result in a 
lowering of the surface tension and a resultant 
negative temperature coefficient of surface ten- 
sion, even though both components of this solution 
themselves have positive coefficients. Thus, both 
negative and positive temperature coefficients in 
this system are accompanied by appropriate con- 
centration changes in the surface of the liquid. 

In the system PbO-SiQ, [1], the temperature 
coefficients of surface tension are positive in the 
low silica range and become smaller as the silica 
content is increased until they approach zero at 
about 30 to 35 percent of silica. Increasing the 
amount of PbO lowers the surface tension in this 
composition range and, therefore, there must be 
an excess of PbO in the surface. Judging by th: 
decrease in the magnitude of the concentration 
coefficients with increasing temperature (table | 
the concentration of PbO in the surface decreases 
as the temperature is raised. 


II. Phase Equilibrium Relations 


Figure 1 shows the phase-equilibrium diagram 
[5] of the system ZnO-B,O,. 
immiscibility extends from almost zero to about 
53 percent of ZnO. 
shown that in this region the value of surface ten 


A region of liquid 
Previous experience [1] has 


sion obtained is that of the upper liquid. In this 
investigation the upper liquid is almost pure B,O 
From the two-liquid region to about 68 percent o! 
ZnO the liquidus curve, 1,000+3° C, is very flat 
even though a compound exists in this region. I! 
was expected that in this region clear glasses could 
be obtained. Above 68 percent of ZnO the liqu 
dus temperature rises rapidly with increasin 
amounts of ZnO, and it is to be expected that th 
glass-forming tendency would be restrained b 
cause of the rapid crystallization of the melts. 


All compositions are expressed as weight percent. 
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III. Preparation of Melts and Methods of 
Test 


1. Preparation of Melts 


The liquids investigated were made by melting 
platinum crucibles the requisite amounts of 
hemically pure zine oxide and boric acid. The 
elts, weighing from 300 to 500 ¢&. were stirred 
th a motorized propellor-type platinum stirrer 
homogeneous, were 


ul, when they seemed 


oured into iron molds. Melts containing more 
than 65 percent of Zn ) ery stallized while cooling, 
d even that containing 65 percent showed traces 
f devitrification. 
In order to obtain a clear glass containing the 
willest amount of ZnO possible in this system, a 
reparation containing about 52.5 percent of ZnO 
is prepared. When cooled, the product had an 
alescent coating representing the upper laver 
at was removed readily by immersing in hot 


stilled water for a few minutes. 


2. Chemical Analysis 


Samples from each melt were analyzed for ZnO 
H.SO,. 


alyses were made also of many of the samples 


a triple evaporation with HF and 


iaining from the individual determinations of 


f 


ace tension 
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3. Measurement of Surface Tension 


The method [6] of measuring surface tension was 
that of determining the maximum pull exerted on a 
thin-walled platinum cylinder when its lower edge 
was in contact with the test liquid. In general, the 
first determination of surface tension of any melt 
1.300° C 


ments were made at 100-dee C intervals of decreas- 


was made at measure- 


Subsequent 
ing temperature until the glass was too viscous to 
yield in a reasonable time or until crystallization 
had occurred In several instances, however, 
this schedule was altered in order to determine the 
effect of such a change on the character of the 
temperature coefficient of surface tension. Tests 
on the same melt at different temperature sched- 
ules are often not comparable, a phenomenon that 


has been noted before 6}. 


4. Measurement of Density 


In order to obtain accurate values of surface 
tension with the method adopted, it is necessary to 
know the density of the liquid at the temperature 
of test. 
sary, as an error of 10 percent would, in general, 


Great accuracy, however, is not neces- 


cause an error of about 0.5 percent in the values of 
surface tension. The densities of the solid com- 


positions were measured by determining the 


buovant effect of distilled water. To convert the 
densities at room temperature to those at 1,000° C 
0.2 was subtracted from each value, because 
experience has shown that with many glasses the 
average decrease in density from room temperature 


to 1,.000° C is about 0.2. 


IV. Results and Discussion 
1. Analytical Results 


The analytical results are given in the last two 
With two exceptions, the 
percentages of ZnO obtained after surface tension 
little higher than 


columns of table 2. 

determinations were a those 
corresponding to the original preparations. The 
differences in no case, however, exceed 0.3 percent 


2. Reproducibility of Surface Tension Data 


The values of surface tension are viven in table 
2. Inspection of this data shows that the agree- 
ment between the surface tension results of dupli- 


cate melts was poor when the schedules of tem- 
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TaBLe 2 Surface tension, density, and chemical analysis of some compositions in the system ZnO-B,O 


Surface tension, dynes/cm 
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perature were varied. However, the magnitude 


only, and not the algebraic sign of the tempera- 
ture coefficient of surface tension, was dependent 
on the schedule 

The dependence of the surface-tension results 
obtained upon the thermal treatment of the melt 
can be traced to several factors, armong which are 

1) The slowness with which the equilibrium 
between the surface layer and the interior of the 
liquid is adjusted, 

2) The presence of bubbles in the melt, and the 

3) Volatilization, which affects the equilibrium 
between the surface and the interior and, in addi- 
tion, May cause some material to condense on the 
upper portion of the evlinder and its supporting 
wire 

3. Surface Tension Minima 


Figure 2 shows, in graphical form, the surface- 
tension results obtained when the previously 
described schedules of making observations was 
maintained. A point of interest is the appear- 
ance of minima in the curves for liquids that 
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contain between 55 and 65 percent of zine oxide 


The behavior of solutions of phenol and wate: 


[3], with regard to the change of surface tensio1 


with increase in temperature, is similar to that of 


the system ZnO-B,O 
solutions also exhibit minima in the surface ten 


sion versus temperature curves. This phenom 


enon points to two competing mechanisms; on: 


tends to decrease the surface tension and the othe 
to increase it with an increase in temperature 


4. Region Above 65 Percent of ZnO 


The measurements of surface tension below th 
liquidus temperature of these liquids was in 
possible because of the strong tendency of th 
melts in this region of composition to crystalliz: 
This onset of erystallization was observed by tl 
decrease in the values of surface tension as th 
melt was maintained at a constant temperatur 
The crystalline material, apparently denser tha 
the melt, sank and there remained a liquid with 
surface tension value lower than that of tl 
original melt. 
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With the exception of the liquid containing 79.5 


5. Effect of Composition 


reent of ZnO, the temperature coefficient of 


rface tension of melts in this region was positive 


\ plot of surface tension values at 1,200° ¢ 


unst the percentages of ZnO is shown in figure 3 


the two liquid region extending from almost 


re BO, to about 53 percent of ZnO the surface 


sion is that of the upper liquid, which is known 


” practically pure B,O 
nts, determined for a melt containing 


The first measure- 
50 per- 


t of zine oxide, were very erratic, and successive 


surements at the same temperature resulted 


iInexpected differences in surface tension values 


about 20 dynes/em 


Further investigation 


aled that this erratic behavior was due to an 
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extremely thin upper laver and, because of this, 
the bottom edge of the cylinder sometimes con- 
tacted the lower laver and gave relatively high 
values. If great care was exercised in contacting 
only the upper laver, correct results could be 
obtained. 

Above the two-liquid region, the values of sur- 
face tension rise rapidly with increasing amounts 
of ZnO 
isotherm, this indicates that the concentration of 
ZnO in the surface is less than that in the body of 


According to the Gibbs adsorption 


the liquid This is one factor that would operate 
to cause a greater loss of B,O, than of ZnO in 
melts heated at high temperatures as indicated 
by the analytical results (table 2 In addition, 
the greater volatility of B,O, as compared to ZnO 
should also result in an increase in the ZnO content 
of melts heated at high temperatures. 


V. Summary 


The surface tension values of zine borate melts 
were practically constant within the two-liquid 
region extending from about zero to 53 percent of 
ZnO and that of BLO With percentages of ZnO 
bevond the two-liquid region, the surface-tension 
values increased rapidly with increasing ZnO con- 
tent. With one exception, melts of all composi- 











— 
U 20 4 
PERCENT OF ZnO 
Figure 3 Surface tension of melts in the system ZnO-B,O, 
at 1,200" © as a function of the percentage of ZnO. 


225 





tions had positive temperature coefficients of 


surface tension, and those containing 55 to 65 
percent of ZnO showed minima in the curves of 
surface tension versus temperature. Two theories 
regarding the cause of positive temperature 


coefficients of surface tension were rey iewed. 
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A Comparison of Direct Colorimetry of Titanium Pig- 
ments With Their Indirect Colorimetry Based on 
Spectrophotometry and a Standard Observer 

By Deane B. Judd 


Recent work by Jacobsen in the colorimetry of titanium pigments has indicated that the 


IC] standard observer weights too lightly 


accord with visual perception by average observers 


the spectral region below 430 millimicrons to 


This paper presents a repetition of this 


work for a single pair of titanium-pigment paints whose difference was measured by spectro- 


photometric means and then by seven observers by means of a visual colorimeter 


Four of 


the seven observers corroborated Jacobsen’s conclusion; three checked closely the standard 


observer 


\ modified standard observer based upon the spectral luminosity determinations 


of Gibson and Tyndall and Wald has been derived and is shown to account closely for the 


settings of the group of four observers that disagreed with the standard observer 


I. Introduction 


It has recently been reported by Jacobsen [1] 


that the ICL standard observer [2] apparently 


does not weight the far blue region of the spectrum 


n accordance with visual perception. This re- 
port is based upon an attempt to apply the 
spectrophotometer to the colorimetry of certain 


of the well-known near-white anatase and rutile 


tanium dioxide pigments when incorporated in 
vehicle. The ICI 


oordinates of these two paints were found to be 


| paint (v,y)-chromaticity 
ssentially identical, although the spectrophoto- 
metrie curves show marked differences in the 
pectral region below 430 my, and the paints 


xhibited visual color differences. It is suggested by 


Jacobsen that the ICI standard observer weights 


00 lightly the spectral region below 430 mu. 

This suggestion agrees with two previous re- 
rts. It was pointed out by Judd [3] that an 
upirical formulation for chromaticity sensibility 
he uniform-chromaticity-seale triangle) broke 
own badly for two observers unless the standard 
iminosity function be replaced for these observers 
Brickwedde) by the 
perimental mean [4] between 400 and 440 mg. 


riest, 


( ribson-Tyndall 


his experimental mean is higher than the ICI 


gure n bracket ndicate the literature references at the end of this 


‘1 Standard Observer 


standard luminosity function by factors of 1.9 
and 2.8 at 440 and 430 mu, respectively, and the 
extrapolated values are increasingly higher toward 
100 my at which wavelength the ratio is more 
than 10. It was reported later by Wald [5] that 
the reciprocals of the absolute foveal thresholds, 
although agreeing fairly well in other parts of the 
spectrum, depart widely in the short-wave end 
of the spectrum from the ICI luminosity function 
He states, “At 436 my they reveal an average 
sensitivity of about 2.4 times, and at 405 mu 
about 9 times as high as the ICI factors indicate.’’* 

Table 1 gives the relative spectral luminosities 
read from the curve published by Wald and 
compares them with the Gibson-Tyndall experi- 
mental mean and with the standard luminosity 
function. 

It may be seen from this table that the indirect 
evidence by Judd and the direct determinations 
by Wald (both referring to fields of 2 
combine to indicate that the Gibson-Tyndall ex- 


or less 


perimental mean was given too little weight in 


adopting values for the standard luminosity 


function [6]. Thus these two reports are in qual- 


itative agreement with Jacobsen’s more recent 


suggestion. 
*A recent paper by Weaver (J. Opt. Soc. Am. 39, 278; 1949) likewis 
reports spectral luminosities considerably higher, between 400 and 450 mu, 


than the standard luminosity function 
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It is the purpose of this paper to determine 
whether Jacobsen’s conclusion is in quantitative, 
as well as qualitative, agreement with Wald’s, and 
to report on the results of a repetition, by some- 
what more refined methods, of Jacobsen’s study of 


tiltamum-pigment paints. 


II. Colorimetric and Spectrophotometric 
Study of Two Samples of Titanium- 
Pigment Paints 


1. Preparation of Specimens 


The samples of rutile and anatase forms of 
titanium dioxide pigment * were rubbed up with 
linseed oil in accord with standard procedures. 
The resulting pastes were used to fill a evlindrical 
cavity, 1mm deep, in aluminum holders, and 
were placed in optical contact with clear cover 


glasses cut from nearby parts of the same sheet. 
2. Spectrophotometric Measurements 


The spectral reflectances of these two specimens 
relative to freshly prepared magnesium oxide were 
measured between 400 and 750 mu on an auto- 
matic recording spectrophotometer,* the specu- 
larly reflected energy from the cover glass being 
eliminated from measurement by insertion of a 
black velvet plug in the porthole of the sphere 
corresponding to the direction of mirror reflection 
Corrections for zero, 100-percent, and wavelength- 


scale errors were applied 7] Spectral directional 


(45°0°) reflectances relative to magnesium oxide 
upplied f he I h Labora nium D Nationa 
Lead ¢ par by Jacot 
{ 1 he ‘ FE. F. Hick Bureau 
‘ Mea ‘ t H. J. Keega Bureat 





were also measured for similar specimens prepared 
from the same pastes on the Beckman spectro- 
photometer |S] over the wavelength range 350 to 
4100 myu.® 
constant 
agreed with the spectral reflectances found on the 


These reflectances were multiplied by a 
nearly equal to one) so that the product 


recording spectrophotometer at 400 my, and the 


corresponding products were adopted for the 


spectral range 350 to 400 mu. Table 2) and 


figure 1 give the results of these measurements 








i 
- BOC 70 


Figure 1. Spectral reflectance of pastes made by rubbing 


: , . 
in linseed oil two forms of titantum dioride pigment 


@, Anatase+cover glas rutile+cover glass 
Both pastes were in contact with idential cover glasses during mea 
ment Note that the rutile form yields much lower spectral reflectanc: 


the neighborhood of 400 mp 


Figure 1 shows that our measurements duplicat: 
the essential features of the spectrophotometri: 
curves published by Jacobsen, but differ in two 
respects; first, the curve for rutile is everywher 
lower than that for anatase, particularly in the 
long-wave end: second, both curves decline slightly 
The first differenc 


suggests that the standard procedure of rubbin; 


toward the long-wave end. 


up the pigment in linseed oil with a glass mull 
has darkened the rutile paste more than the pro 
cedures used by Jacobsen The second differen 
is ascribable to the cover glasses, Because 0 
multiple reflections between the pigment-oil past 
and the under side of the front face of the cov 
glass, any slight absorption of energy by the cov: 
glass increasing with wavelength may produce ai 


appreciable effect 


§ Measurements made | Marion A. Belknap of tl Bureau 
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3. Colorimetric Measurements 


The same specimens (pigment-oil behind cover 


ss) that were measured on the recording spectro- 
tometer were compared on a chromaticity- 
erence colorimeter [9] on the same and follow- 
day by seven observers The luminator used 


sists of an. ineandescent-filament projection 


class of such 


p combined with Corning daylite 


I Standard Observer 


thickness as to produce closely a correlated color 
The 
distribution of this source is given in the Report 
of the OSA Committee on Colorimetry [10]. The 
field has a double trapezoid pattern 


temperature of 6,800° K. relative energy 


observing 
vertically and 9° horizontally at 


The difference in the 


and subtends 13 
the eve of the observer. 
settings of the wedges of the colorimeter, corre- 
sponding for each observer to the chromaticity 
differences between the rutile and anatase speci- 
to differences in the chro- 
of the IC] svstem by 


men, were converted 
maticity coordinates (7,7 
calibration graphs based on the luminator used 
Macbeth 6. S00 kK These 


rutile minus anatase) have been applied to the 


r.y)-ditferences 


ry -chromaticity coordinates of the anatase 
computed in the usual way from the IC] standard 
observer, thus yielding experimental determina- 

of the 
> 


Figure 2 compares these results 


tions for the chromaticity coordinates (7,y 
rutile specimen 
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te 
) i M K x 
7 t C. ‘ @ obs ‘ 
Note that the obse rHP, DBJ, LEB 


i 
cl 


MAB, HKH, HJK, KLK 
with the chromaticity coordinates found for the 
rutile specimen from its spectral reflectance by the 
based on the IC] 
On this extended seale the chromatic ity 


usual computation standard 


obser ver 
would be 


of the luminator (4= 0.3082, y= 0.3228 
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represented rather far off the graph, the specimens 
being yellowish whites. 

It will be noted immediately from figure 2 that 
there is a considerable individual observer differ- 
ence in this determination. The chief differences 
lie along the straight line passing through the 
This differ- 


ence 1 to be expected among observers having 


short-wave portion of the spectrum, 


varving amounts of (yellowish) ocular pigmenta- 
tion. It may be noted also that the observers 
divide into two groups This division into two 
groups was unexpected, and may be statistically 
nonsignificant because of the small number of 
observers. One group of three observers, how- 
ever, vields a fairly good check of the result com- 
puted by the ICI standard observer, the maximum 
diserepancy being a y-difference of 0.0005, only 
slightly higher than the estimated uncertainty 
(0.0003) of the determination of the difference on 
the chromaticity-difference colorimeter. The 
other group of four observers yields a very poor 
check, the maximum discrepancy being a y-cdiffer- 
ence of 0.0023. which is seven or eight times the 
uncertainty of the determination of the difference 
It is assumed that the observers used to obtain 
Jacobsen’s result of nonadaptability of the ICI 
standard observer would correspond to this group 
The result of this check, therefore, is a qualified 
corroboration of Jacobsen’s finding. Our average 
experimental result deviates from the result com- 
puted from the ICL observer by indicating a higher 
short-wave sensitivity than that of the ICI ob- 
server, and no one of our observers made a setting 
corresponding to a lower Sensitivity But some of 
our observers checked the result of the ICI 
standard observer tou degree that would be con- 
sidered satisfactory even to the color graders of 


commercial materials 


III. Modification of the ICI Standard 


Observer 


There remains yet to discover whether the 
experimental result of Wald based on 22 observers 
of the average age of 20, which agrees qualitatively 
with Jacobsen’s finding, also agrees quantitatively. 
The qualitative check suggests that the standard 
luminosity function is nonrepresentative in the 
sense that it corresponds to an observer having 


too heavy an ocular pigmentation (yellowish) t 
correspond to the average. It is proposed, ther 
fore, to derive the tristimulus values of the spe« 
trum 
standard by having such ocular pigmentation a 


for an observer differing from the IC 


would change his luminosity function from = th: 
standard so as to agree with the Wald-Gibson 
Tyndall table 1 
These distribution functions are then to be applie: 


experimental average (see 


to the spectral reflectances of table 2, in place o! 
the distribution functions of the standard observer 
to see whether they will result in a check of thi 
second group of observers in the same w ay as the 
standard observer has checked the first group. 

If 7’ be the modified luminosity function, this 
check could be obtained by computing modified 


F- and 2-functions defined as: 
y (ry), and 


where s ¥+9+2), y=9/ (+942), and 


The chromaticity diagram generated by — this 
(@’, 7’, 2’)-system, however, would differ grossly 
from the (2,y)-chromaticity diagram, the equi 
energy point, for example, being displaced fa 
from the center of the Maxwell triangle. This 
gross difference would make difficult’ the inte: 
pretation of any computed results. It has seemed 
worthwhile, therefore, to define the modified dis 
tribution functions (#,, J,, 2,) by a further linear 
homogeneous transformation so as to make thy 
functions and the chromaticity diagram as similar 
aus possible to the ICL funetions and diagran 


Define, then 


2’) 


where k, to ky are constants independent of wav: 


i 
“7 


j’ +k 
7’ +k, 


+ Kei 


length satisfving the following conditions: 

(a) J, shall be as closely like 7 as possibl 
There is no reason why @, should depart from 
at all except inthe spectral range 460 my and below 
Set, therefore, ky=k,=0 and k,=1. This mak 
aay. 

(b) cg shall be as closely like 2 as possible. Th 
by setting k;=k.=0, maku 


condition is met 


3,.=f,2’. 
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. Shall be as closely like # as_ possible 


c Yn 


his condition is closely met by setting the 


rromaticity coordinate Dg =Le/\Let Yet Ze 


0070 at 500 my, that is, by making the modified 


function be nearly zero at 500 mu like the 
ginal #-function, but still large enough = to 
event the modified 2-function from being any- 


here less than zero 
d) The 


shall be at z,=y,=2,=1/3, 


modified 
that of 


the 
like 


equienergy point on 
stem 
he modified system. 


e) The Ls 


mg-wave crossing point 


and g, functions shall have the same 
about 578.1 mu) as the 
and / functions 


The constants j to k.. meeting these require- 


ents have been found by solution of simul- 
inecous equations, and we may write the defi- 
tions of ¥,, J, from eql and 2 as follows: 
0.9310 7 (ar/y 0.0688 7’ —0.0866 7 (2/y ) 
1.0000 #7 3 


0.5273 9 y 


hich is in terms simply of the revised luminosity 
netion, 7’, and the chromaticity coordinates 
/) of the 1C 


Table 3 gives the tristimulus values of the spec- 


| svstem 
im (F,, Je, 2g) computed from eq 3 and also the 


coordinates Le, We It 


rOmaAtLeLty 
uurse, the revised values of the luminosity func- 


on (j,) on which the other two distribution 
netions are based. Comparison with table 1 
ll show that the revised luminosity function 


rees well both with the Gibson-Tyndall and 
th the Wald experimental mean for the spectral 
170 
ove it is identical with the standard luminosity 


vion of 450 mu and below. For me and 


netion. Figure 3 compares the modified distri- 
ition functions with the standard functions, and 
ure 4 compares the spectrum locus of the modi- 
d chromaticity diagram with that of the stand- 
| (v,y)-diagram. The equienergy points of the 
of course, coincidental, and it 
0.007 for 500 


o diagrams are 
v be seen that as intended, z; 

and the two loci also coincide at the long-wave 
ossing’ point of x and y Elsewhere there is con- 
erable change in the spacing of the spectrum 
Macbeth 6.800° K 
r,= 0.3113, 
the 


luminosity 


and has been 
fted from 20.3082, y=0. 
0.3276. These 


iporary adoption of 


romaticities, 
3228 to 
changes are caused by 


the revised 


| Standard Observer 





shows, of 


the 
function 


that 
this 


Figure 3 shows compara- 
differ- 


has venerated a consider- 


function 


tively minor change in 


ence between 7, and 7 
ably larger change in the z-function and a rather 
the 


course, considerably higher in the spectral region 


drastic change in -function, making it, of 


130 mu and below as suggested by Jacobsen 
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WAVELENGTH, my 


tristimulus values of the 


Fiature 3 ( omparison of the 
spect am according to the ICT standard observer (solid 
ines with those dotted ines according to an observer 


modified to agree with the Wa d-Gibson-Tyndall data on 


spectral luminosity below 4,U mm. 

Note that the small changes introduced into the spectral luminosity (g 
function near the short-wave extreme require changes to be made in the other 
Z and 2) functions that are relatively larg for example, the peak of the #- 
functior t ted by about 15 mg in the hort-wave directior 


IV. Check of Modified Distribution Func- 
tions Against Experimental Results on 
Anatase and Rutile 


The first check of the modified distribution fune- 
tions is to apply them in the same way as the 
standard distribution functions were applied to 
obtain the comparison given in figure 2. The 
wedges of the chromaticity-difference colorimeter 
were recalibrated by means of the modified func- 
tions, the experimental results recomputed on that 
basis, and the chromaticity coordinates of the 
specimens (pigment in oil plus cover glass) recom- 
puted in the (%,, J_, Z,) system. Figure 5 compares 
the computed chromaticity of the rutile specimen 
with experimental determinations of chromaticity 
of the rutile specimen found relative to the anatase 
specimen as standard. Table 4 gives the chro- 
maticity coordinates from which figures 2 and 5 
have been plotted. It will be seen that the modified 
distribution functions do indeed check the results 
by the second group of observers (KLK, HJK, 
MAB and HKH) much as the standard ICI 
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et i pt pt i 1 i i 
0 ! 2 3 4 S 6 7 8 
7 
Fiat RE 4. Com par ison of the 8 per trum locus on the Zr. y 


chromaticity plot of the ICT system with that (dots) on t/ 
corresponding plot of the modified ICT system 


The equienergy point is set at y=13 in both systems. Note that t 
chromaticity region near the short-wave extreme of the spectrum has ber 


expanded relative to other regions in the modified system 


observer checks the results by the first group of 
observers (LEB, DBJ, THP). 

The second check of the modified distributio 
funetions against the experimental results or 
anatase and rutile was carried out in such a way 
as to avoid even the presumably negligible unce: 
tainties of applving the calibration of the wedges 
of the chromaticity-difference colorimeter. It is 
based simply on the average experimental result 
This result may be summarized by saying that, 
the rutile specimen be viewed through thickness: 
of the vellow and green wedges corresponding to 
90 and 36 wedge units, respectively, then th 
average of the seven observers will find that it has 
the same chromaticity as the anatase specim: 
viewed through thicknesses corresponding to 8 
vellow- and 43 green-wedge units. The spectr: 
transmittances of the pairs of wedges of thes 
thicknesses have been computed from the know 
spectral transmittances of the yellow wedge at 
thickness corresponding to 164 units and thos 
of the green wedge at a thickness corresponding | 
98 units [9]. These spectral transmittances ha) 
been multiplied by the spectral reflectances of t! 
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lanium pigment specimens (see table 2) and by 
relative spectral distribution of the luminator 
Macbeth, 6,800° K) that was used. These triple ps 
oducts give the spectral distributions of radiant D 
;, H 
ix that the seven observers on the average found 
have identical chromaticities. These two spe KLI 
> HJ} 
il distributions of radiant flux, if adjusted by a ns 
mstant factor to correspond to the same lumi- HK 
nee, form for the average of these seven ob- 
vers, therefore, what is known as a metameric 
r. They are shown in figure 6 together with 
spectral distribution of the luminator used 
\Iacbeth 6,800° K 
If a standard observer truly represented the ~—— 
rage of the seven observers usea this study, BI 
HI 
of that standard observer to compute chro 
LLICILy coordinates for these two spectral dis- K LAK 
HJK 
uutions should yield identical results. Both the pre 
ndard observer and the modified standard HKH 


erver have been subjected to this test. Figure 


“I Standard Observer 








7 shows the result. It will be seen that both fail 
to meet this test by an s-difference of about 0.001. 
It will be seen that, relative to our seven observers, 
the standard observer underweights the short- 
wave extreme of the spectrum, and the modified 
standard observer overweights it by about the 
same amount. It is evident that a modification 
based on an average between the standard lumi- 
nosity function and the Gibson-Tyndall-Wald 
experimental mean would successfully meet this 
test within experimental uncertamty (an z- or y- 
difference of 0.0003 








aa 6 
100 DIC YSTEM 
X9,¥q 
a4 
* 
os 
> 
= 345 
r= 
Ci SYSTEM 
340 (x,y) 
s 
335 
310 315 320 325 
xOR x 
OR Kg 

Figure 7 Comparison of the chromaticities computed 

from the spectral distributions of radiant flux shown in 

figure 6. 

Luminator: Macbeth 6,800° K; §§, anatase (82Y, 43G); ©, rutile (OY, 


The rather small size of this average discrep- 
ancy (0.001) between observed and computed 
chromaticity coordinates serves to emphasize the 
concern of the pigment industry with small color 
differences. This discrepancy is scarcely more 
than twice the least chromaticity difference that 
is perceptible with certainty, yet, since all ob- 
servers deviate from the standard observer in the 
same direction, it is likely that industrial labora- 
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tories having to interpret spectrophotometri: 
measurements of titanium pigments will set th: 
standard observer aside and substitute some othe 
more or less arbitrary functions for this purpos 
unless steps are taken to make a suitable revision 
of the standard observer. 

Note that the ICL (2, y)-diagram fails to indi 
cate the same chromaticities for these two dis 
tributions, and that the modified (r,, y,)-diagran 
likewise fails, but in the opposite sense by about 
the same amount. This shows that an average o! 
the ICL standard observer with the modified 
observer would closely account for the averag: 
result’ obtained by the seven observers on. the 


chromaticity-difference colorimeter 


V. Summary and Conclusions 


1. Jacobsen’s study of the adaptability of th 
ICT standard observer to the indirect colorimetry 
of titanium dioxide pigments in linseed oil has 
been repeated for a single pair of specimens, on 
rutile, the other anatase 

2. The result of this repetition is a qualified 
corroboration of Jacobsen’s conclusion that thi 
ICI standard observer weights the short-wav 
extreme of the spectrum too lightly. Not all of 
our observers made settings significantly contrary 
to the standard observer, however. Three out of 
the seven obtained results in reasonable agreement! 
with the ICT standard. 

3. A modified standard observer based upon th 
spectral luminosity determinations of Gibson and 
Tyndall and of Wald has been derived. This 
modification is shown to account for the settings 
of the second group (four out of seven) much as 
the ICI standard accounts for those of the firs 
group. It is presumed that the settings of Jacob 
sen’s observers would likewise be accounted for 
by the modified standard observer. 

4. It is suspected that if the ICI standar 
observer is to be maintained in its present statu 
of general acceptability for commercizl colorim 
etry, it may have to be modified so as to weigh 
more heavily the short-wave extreme of th 
spectrum. 

5. Further data relating to the luminosity of t! 
spectrum in the wavelength region below 430m 
should be gathered to form an adequate basis fo 
this modification. 
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Properties of Calcium-Barium Titanate Dielectrics 


By Elmer N. Bunting, George R. Shelton, and Ansel S. Creamer 


Dielectrics having compositions in the system 3CaO:TiO)-BaTiO;-TiO, were matured 


at 1.260 to 1,500 <3. 


Data are given for the compositions, heat-treatments, absorption, 


shrinkage, and for A, the dielectric constant, and Q, the reciprocal of the power factor, at 


per second when A is not greater than 50 


per second for various temperatures from 


highest of A) were associated with specimens of high baria content 


sion (25° to 700° C 


ranged from 0.65 to 0.87 percent. 


for frequencies of 50, 1,000 and 20,000 kilocyeles per second and for 3,000 megacvcles 


Values of A were also determined at | megacycle 


60° to 85° ¢ Lowest values of Q (and 
Linear thermal expan- 


The specimens of some compositions 


were unstable and changed in AK and Q values with time. 


I. Introduction 


This paper is the third of a series dealing with 
eramic dielectrics composed of titanium dioxide 
and the oxides of the alkaline earth elements. <A 
study of these titanate systems previously re- 
ported [1, 2]' revealed dielectrics of diverse 
properties that find application in the fields of 
electronic instrumentation, particularly where the 
space factor is important, as in hearing aids and 
other special circuits. These dielectrics are also 
valuable for the production of capacitors for use 

temperatures above 150° C, where paper and 
electrolytic capacitors do not 
factorily. 


function satis- 


A rather limited amount of information has been 
published by others [3, 4] on the electrical prop- 
rties of the calcium-barium titanates. However, 

is desirable to investigate these materials for a 

de range in composition so that a more complete 

iowledge of their properties will be available. 
Because the temperature coefficient of the dielec- 
ce constant for calcium titanate was known to 
negative, it was expected that many of the 

lclum-barium titanate dielectrics might have a 

gative coefficient. Also, the low electrical-loss 
iracter of calcium titanate indicated that a 
ve portion of the field in this system would 
»bably behave similarly. 


bracket ndicate t 


he literature references at the end of tl 


Calcium-Barium Titanate Dielectrics 


II. Preparation of Dielectrics and Methods 
of Test 


Dielectrics having the compositions shown in 
figure 1 were prepared from reagent quality car- 
bonates of calcium and barium and the commercial 
grade of titania (grade TMQ) used in the prepara- 
tion of the other alkaline earth titanate dielec- 
trices [1, 2]. A chemically pure grade of titania 
(99.9%) was used in the preparation of a few speci- 
The methods of 
preparing these dielectrics and of determining 


mens for comparison purposes. 


TiO, 
wt % 








70% Cad Bao 70% 
30% Tide Ti0g 30% 
FIGURE ] Ternary diagram for system ( ‘aQ-BaO-Tit do 


showing compositions st udied. 


B= BaO; C=CaO; T=TiOg; thus, BgT3=2Ba0:3TiIOg. @, Decrease 


K and Q with time; @, decrease in K and increase in Q with time stable 
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1, 2) 


properties 


III. Results and Discussion 


In table 1 
heat-treatment 


TLL 


ane 
Ke 
ARCs 


Hie 


BCA 


he 


Ke 


Ke 
BCs 
RCS 
BT 


238 








been previously described 


data are given for the composition, 


absorption, shrinkage, dielectric 
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constant A, and reciprocal of the power factor, ¢ 
The data for a giv 
composition are considered to be the most repre 
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The relation between the maturing temperature 
and the composition of the specimens is shown in 
figure 2. No attempt was made to determine in 
all cases the range of temperatures within which 
mature specimens could be produced, but it was 
noted that, in general, this range was about 10° C. 
When the compositions were in the region of 
CaO:2TiO,’, containing a few percent of BaO, the 
maturing range was less than 10° C. This region 
may be near a ternary eutectic. In another area 
two mixtures, designated BC2 and BC3, and three 
other mixtures (BC326, BC327, and B2C28) did 
not vield mature specimens, despite many attempts 
with systematic variations in the duration and 
temperature of heat treatments. The lowest 
absorption obtained for these specimens was be- 


tween 0.5 and 1.6 percent 












(iSHO)CT, 


(1B1O)CaTs 
(1350)CT 


(1500)C3T2 
8.7.(1300) 
(1500)CT 2s 

BT (1385) 
(1500)C3T 





cao 
Fiagure 2 Approrimate maturing te m perat are Hy after 


calcining treatment. 


Small amounts of impurities have a pronounced 
effect on the maturing temperature of some prepa- 
rations, particularly those representing a definite 
If calcium titanate is prepared with 
titania containing 1.3 percent of impurities, the 


compound 


range in maturing temperature extends from 1,350° 
to 1,.400° C 
1 percent of impurities is present, a maturing 


However, when less than a tenth of 


temperature of about 1,500° C is required. 
2 A colon indicates that the composition may or may not be a compound 
A known compound is represented by a single dot separating the oxide for 


mulae, or by a single formula, as CaTiOs 
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At 25° C the variations in AK and Q, with con +0) 





position, measured at 1 me/s, are shown in figurs iv 
3 and 4, respectively. The ternary parts of thes uh 
diagrams exhibit isodielectric-constant lines plotte: 
from the data on A and @ given in table 1. Unde: ir 
neath and to the right side of the ternary diagram er 
the values of A (or ©) are plotted for the bina IC 
systems of CaO-TiO, and BaO-TiO,. System nl 
atically varying the compositions of the specimen ( 
affected the values of A and Q, as given in table | ) 
In the CaO-TiO, system, the substitution o! pere 
CaO for TiQ,, up to about 41 percent of CaO pl 
raised the A value from near 100 for TiO, to about of J 
on 
" 

{| \, it 
r( 
.< on 
5 Ca’ 
Ss ™*e Ba’l 
4 5 5 ind 
F iss lon 
: ~ = subs 
___10 20 30 40 90 © 6a0| n J 
peas © PIB Spe ane / mere? os 
PO 3 3 3 40 sO € ; niaxX 
<n ilo 

Figure 3. Dielectric constant, at 25° C and 1 me/s, u 7 
varying composition within the ternary system, 3CaQ = ate 
TiO.-BaTiO;-TiO:, and the binary systems, CaO-TiO» a 2) 
BaO-TiO, ent 

B= BaO; C=Ca0; T=Ti0, Ti 
Ca) 
1 f 
ai hae) 
; ip 
5 ‘ Cad 
J uf ne | 
: . _~ — 1iQ). 
oni 
c du 
: 4 . : nt 
| + on YSTEM Ba Cl 
; » if 
is 
; 30 40 50 60 7 0 
10 (WI BaO(WT's) OO 
Figure 4 Q values, at 25° C and 1 me/s, with va (\ 
composition within the ternary system, 3CaO:Til in 

BaTiO.-TiQ,, and the binary systems, CaO-TiO, a 

BaQ-TiO,. = 
B=BaO; C=Ca0; T=Ti0s. sa 
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10 for Ca TiO, (fig. 3 
ive been reported by others 14]. 


Higher values, up to 168, 
The different 
ilues obtained were probably due to variations 
the crystal development as influenced by im- 
heat-treatment f 


irities and values (fig. 4 


re progressively lowered when CaO _ replaced 
QO, and became a minimum when the CaO con- 
nt reached about 31 percent. Further additioas 
CaO increased the © values. 
Within the ternary system for dielectrics having 
reentages of TiO, greater than about 60, the 
placement of BaO by CaO increased the values 
A but did not greatly decrease those of Q, in 
mtrast to the effect of replacing BaO by MgO 
However, for dielectrics having compositions 
the join Ca TiO,-Ba TiQs, 
Ca TiO s resulted in a continuous decrease in A, 
1.400 for BaTiO, to near 140 for 
CaTiO;, and in an increase in Q, 
BaTiO, to 


ui | me's 


increasing the content 


om about 
from 130 for 
3,500 for CaTiOs, measured at 25° C 
For specimens having compositions 
(CaO 27T10.-BaO 2 Ti0,, the initial 
bstitution of CaO for BaO resulted in a decrease 
AK from 200 to 180 and in @ from 70 to 50 


ong the join 


Further increase in CaO content increased A to a 
$CaO 27104, 
llowed by a decrease in A to 55 for 100 percent 

a0 2T1O values were below 100 for 


aximum of 265 at 33 percent of 


specimens containing less than about 50 percent 
(CaO 2710, and above 200 at higher CaO con- 

nt. Along the join 2CaO:TiO,-2Ba03TiO,, A 
the dielectrics was continuously reduced, as 
C20 replaced BaO, from 900 for 2BaQO:3'TiO, to 
10 for 2CaO:TiO The 
ian 100 when the percentage of 2CaO:TiO, was 


( value, although less 


was several hundred at higher 
CaQ content. On the join 3CaQO:TiO,-BaTiOs, 
‘replacement of BaTiO, by 5 percent of 3CaO 
Q, increased A from 1,400 to 2,670, but addi- 
3CaO: TiO, 


Further increase in the con- 


pereent or less, 


onal replacement to 10 percent of 
duced A to 1,630 
nt of 8CaO:TiO, to 25 percent resulted in a rapid 
From 29 percent 
The @ value 


is not over 300 from 0 to 16 percent of 3CaQO 


crease in A to a value of 60 
100 percent, A remained near 40 


O., but for higher percentages Q ranged from 
100 to 5,000 

Certain specimens, indicated in figure 1, were 
ind to decrease in A and increase in Y with time 
er the final heat treatment. Similar behavior 


s noted and deseribed for some of the titanate 
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dielectrics previously studied [2]. Data showing 
the extent of these changes after storage for 6 
months under room conditions are given in table 2 
Although the maximum decrease in AK for any 


specimen was less than 25 percent, the maximum 


increase in Q@ was 225 percent. These changes ap- 
pear only in the dielectrics containing less than 
about 50 percent of titania and more than about 
25 percent of baria. In this region, the presence 
of the crystalline forms of BaTiOs, with some solid 
solution, might be expected, and changes in this 
crystalline structure may be associated with the 
The data in table 1 


were obtained after the A and Q values had been 


instability of the specimens. 


stabilized by aging these specimens for 6 months 


TABLE 2 Changes in K and Q of some specimens afte 


fi months of storage 


Mi i 
) kK Qualit ‘ Q 

>} 

Afte \ r‘¢ 4 l 4 r¢ 

1 t} Cl th Cha 

CR 22s 2 is on Ds 
CB 24 238 i4 2 7) 
Cha P| 2 7.4 aM ist) rT 
CR {7 2 5, ” Tl 
C Be 4" st s 
CRBé4 Ww 01 ¢ i4 270 s 
CR7 lt 14 { “) aid 
CBS th 12 
(CRY ue "uy ; tw 4 { 
(hy tr AS 2+ 4 117 4 
B2C 2 2 Bate) ; ~“ 
B2C 2s he i t ] 
B2C 20 42 i 
B2C 2 “ ; 
BC3s 8 " j 
BC SY ‘ ’ i 
Ke , s 


All of the dielectrics containing less than 5t 
percent of titania and greater than about 30 
percent of calcia (fig. 1) decreased in A and @ 
values after exposure to room conditions for ovet 
a vear. These changes are probably due to the 
presence of free lime, which slowly hydrates as a 
result of exposure to moisture in the air 
8CaO: TiO 


after storage for several weeks 


Speci- 
mens in the region of disintegrate 
The data given 
in table 1 for these dielectrics were obtained 
within a day or two after they were matured 
Changes in the dielectric constant due to varia- 
tions in temperature are given in table 3 At 1 
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s these data were obtained by measurements 
Equilibrium 


rie 
at temperatures given in the table 
values of A were not attained for the specimens 
listed in table 2 for the reason that the temperature 
at each interval was held constant for only 15 
min before measurements were made. For stable 
specimens, the average values of temperature 
coefficient of AK pel degree centigrade are con- 
sidered to be within 10 ppm, or 5 percent, 
whichever 1s greate! All but seven of these 
stable values are negative and lie within the range 


Where 


no values are given, computations of the coefficient 


of Oto 2 250 ppm per degree centigrade 


Prarie 3 Die 


were not made because the coefficient eith 
changed sign or showed large irregularities withi 
this range of temperature. To illustrate th 
variation of A resulting from changes in tempe1 
ature and composition, diagrams were construct 


for temperatures of 60°, O°, and 60° C (fig. 5 


These diagrams exhibit isodielectric-constant line 


plotted from the data in table 3 
specimens with compositions in the join SrTiO 


In contrast t 


BaTiO, [1], the dielectrics with compositions | 
the join CaTiO,-BaTiO, do not have peak value 
of A’ within the temperature range of 60 
to 85° C 


ud average temperature coefficient of dielect 
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Greater variation was obtamed for the Q val- 
s than for the A values At all frequencies 
sed, dielectrics of high calcia or high titania 
mtent had @ values greater than 300; those of 
gh baria content had @ values less than 300 
for nearly all of the specimens tested at 3,000 
c/s, the Q values were lower than those measured 
lower frequencies. In general, no great im- 


ovement in A or @ was obtained by the use of 


ghest purity titania (99.9%) in the preparation 


the dielectrics 

Linear thermal expansion was fairly high for all 
e specimens measured, as shown in table 4 
nee local heating to elevated temperatures 
icks all these dielectrics, except in thin sections 
ey should be preheated when solder connections 
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aT 60°C 





Bao 








TiO, 


40 





(000 








cao - Bao 
10 20 30 40 50 60 
AT-60°C 
Ficure 5 Variation in dielectric constant K with com po- 


sition at 1 mc’s and at 60°, O°, and ao? ¢ 


244 


IV. Summary 


Dielectrics having compositions in the systen 
8CaO: TiO,-BaTiO,-TiO, can be prepared fron 
mixtures of titanium dioxide with calcium an 
barium carbonates. Mature dielectrics (less thar 
0.1% absorption) were obtained by dry-pressin 
the calcined mixtures and heating the disks thu 
formed to various temperatures within the rang: 

260° to 1,500° C. 
ing less than 50 percent of titania and greater thar 


Matured specimens contain 


about 30 percent of calcia deteriorate in electrica 
properties after exposure to room conditions fo 
several months 

The dielectric constant, A, varies from 34 for 
BaO:4TiO, and 3CaQO:TiO, to several hundred 
for dielectrics having compositions in the region 
of barium titanate. Most of the temperatur 
coefficients of A are negative. The Q values 
range from 20 to 10,000 and are lowest for dielec 
tries of high baria content. A’ and @ values of 
some of the dielectrics are affected by their pasl 
thermal history, the A decreasing and the @ 
increasing for several weeks after these specimens 
are matured. 

Relatively high values of the linear thermal 
expansion (0.65 to 0.81% at 25° to 700° C) wer 
obtained for dielectrics having compositions in all 


regions of the system. 
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Heats, Equilibrium Constants, and Free Energies of 


Formation of the Dimethylcyclopentanes'’ 
By Morton B. Epstein,? Gordon M. Barrow,’ Kenneth S. Pitzer,‘ and Frederick D. Rossini ° 


For the five dimethyleyclopentanes, Values are presented for the following thermo 
dynamic properties to 1,500° K: heat content func tion, free energy function, entropy, heat 
content, heat capacity, heat of formation from the elements, free energy of formation from the 
elements, and logarithm of the equilibrium constant of formation from the elements 
Equilibrium constants and concentrations are given in tabular and graphical form for some 


reactions of isomerization. 


I. Introduction are either insufficient or too uncertain to permit 


; : a satisfactory statistical treatment at the present 
{s part of the work of the American Petroleum ; 


Institute Research Project 44 at the National 
Bureau of Standards and the University of Cali- 


time. However, the thermodynamic functions 
may be calculated by adding the necessary incre- 


_ ment to the corresponding function of methyl- 

fornia, values have been compiled for the thermo- ; , ’ 

: cyclopentane, for which the appropriate values 

dynamic properties in the gaseous state to 1,500 °K ; ' 

: , ; . have already been calculated [2]. 

of the heat content function, free energy function, ‘ ' ;, 

: cig For the calculation by the method of increments, 

entropy, heat content, heat capacity, heat of for- ' ' 

a _ : . the following equation was used: 
mation, free energy of formation, and logarithm 


the equilibrium constant of formation for the ((dimethleyclopentane ((methyleyelopentane 
five dimethyleyclopentanes. Calculations have ~ @ methyl) +2G(restrieted rotation of methyl 
so been made of the free energies and equilibrium group with appropriate barrier) —2@(restrieted 
onstants of some reactions of isomerization. rotation of methyl group with barrier as in 
methyleyclopentane). 

II. Constants In eq 1, @ represents the contribution to the heat 


The values of the constants used in the present content function, the free energy function, or the 


leulations are the same as in the previous heat capacity, the entropy and heat content being 
port [1]. simply derived from these functions. In caleu- 
lating the contribution of the restricted rotation 

III. Heat Content Function, Free Energy of the methyl group in methyleyclopentane, the 


Function, Entropy, Heat Content, and barrier was taken to be 3,600 eal/mole 2]. 


EG OE ERE I EY ee , 
Heat Capacity Che barriers re trieting the internal rotation of 
the methyl groups in the dimethyleyclopentanes 
For the dimethyleyclopentanes, the available have been chosen to fit the known entropies of 
rmal, spectroscopic, and other molecular data 1,1-dimethvleyelopentane, ¢is-1,2-dimethvleyvelo- 
tion was peeformedese past of the work of the Atmoerican pentane, and frans-1,3-dimethylevelopentane [3] 
“ ee ee ee ee These barriers are 5,320, 4,680, and 4,360 cal 
earch Asseciate on the Amertean Petroleum Institute Research Fro mole, respectively. For trans-1,2-dimethyleyclo- 
| 1 rch F “ea Al —s i I pentane and cis-1,3-dimethyleyclopentane, the 
1 rk 4 ‘ the l ican 1 I ute Researcl 7 - - 
t 44 at the University of California, Berkeley, California barriers were taken to be equal to that in trans-1,3- 
state Disester of the American Futecioum Sustivute Henas Fveject dimethyleyclopentane. The barrier restricting 
e University of California, Berkeley, California, on leave ; . wih . . ° 
tor of the American Petroleum Institute Research Project 44 at th ring puckering for all of the dimethyleyclopentane 
al Bureau of Standard isomers is taken unchanged from that in methyl- 
gures in brackets indicate the literature references at the ¢ ' . 
cyclopentane [2]. 
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Heats, Equilibrium Constants, and Free Energies 


ron 





The term G(methyl) represents the contribu- 
tion of a methyl group with a barrier to internal 
rotation of 3,600 cal/mole and is calculated from 


the following relation: 


G(methyleyclopentane) — G(cyclo- 
G(restricted rotation of ring pucker- 


G(methyl) 
pentane) 
ing in methyleyclopentane), 


where the term G(cyclopentane) includes all con- 
function for cyclopentane 
exclusive of symmetry. From the method of 
calculation of the function for methyleyclopentane 
[2], the term G(methyl) is the same as the contri- 
bution of a methyl group to the functions for 


tributions to that 


methyleyclohexane with a barrier of 3,600 cal 
mole. This contribution is equal to the difference 
between the functions for methyleyclohexane and 
cyclohexane, exclusive of contributions due to 
symmetry and to equatorial-polar tautomerism [4]. 

For 1,1-dimethylevclopentane, trans-1,2-di- 
methyleyclopentane, and trans-1,3-dimethyleyelo- 
pentane, an additional symmetry term, 2 In 2, 
was subtracted from the entropy and the negative 
of the free energy function. For trans-1,2-di- 
methyleyelopentane and trans-1,3-dimethyleyclo- 
pentane, a mixing term 7? In 2 was added to allow 
for the mixing of equal amounts of the dextro 
and levo optical isomers. The values tabulated 
for these two compounds, therefore, are for the 
mixture of the optical isomers. It will be noted 
that the mixing term, where applicable, exactly 
cancels the symmetry term. The resulting values 
for the heat content function, the free energy 
function, the entropy, the heat content, and the 
Where the 


second decimal place is given, the uncertainty is 


heat capacity are included in table 1. 


several tenths of a unit. 


IV. Heat, Free Energy, and Equilibrium 
Constants of Formation 


Values for the standard heat of formation at 
25° C of the five dimethyleyclopentanes in the 
gaseous state, from carbon (solid, graphite) and 
hvdrogen (gaseous), are taken from reference [5]. 

The method of calculating values of the standard 
heat of formation, the standard free energy of 


formation, and the logarithm of the equilibrium 


constant of formation for the different temper: 
tures in the range 0° to 1,500° K is the same a 
that described in section I[V—1 of reference [6]. 
The resulting values for the formation of th 
given hydrocarbon in the gaseous state, from tl 
elements carbon (solid, graphite) and hydrog 
(gaseous), each in its thermodynamic standard 
reference state, are included in table 1, which 
gives values of the following properties to 1,50 
K: heat of formation, free energy of formatio: 
and logarithm of the equilibrium constant of 


formation. 


V. Free Energies and Equilibria of Some 
Reactions of Isomerization 


In figure 1 are plotted, as a function of tem- 
perature, for the five dimethyleyclopentanes and 
ethylevelopentane, the amounts, in mole fractior 
of each of the isomers present at equilibrium with 
The cor- 


responding numerical values are given in table 2 


the other isomers in the gaseous state. 


TABLE 2. Values of the equilibriu m concentrations for ti) 


isomerization of the C:; alkyle yclopentanes in the ide 


gaseous state to 1,500° K 


n mole fraction, of equilibrium mixture 
of isomers 


Composition, j 


frans-12- cis-13- = trana-l 

Dimeth- Dimet! 
yieyclo- yleyclo 
pentane pentane 


1,1-Di- cis-12- 
methyl- Dimeth-| Dimeth- 
ecyclo- yieyelo- yieyclo- 
pentane pentane pentane pentane 


In figure 2 are plotted, as a function of temper- 
ature, values of the logarithm of the equilibriun 
constant for the isomerization to methyleye! 
hexane of ethyleyclopentane and each of the fi 
dimethyleyclopentanes. 
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Cathode Heater Compensation as Applied to Degen- 
erative Voltage-Stabilized Direct-Current Power 
Supplies 


By Robert C. Ellenwood and Howard E. Sorrows 


A new method of compensating a degenerative-type voltage stabilizer that simplifies the 
design of precision stabilized direct-current power supplies is discussed. If the operating 
voltages of the direct-current amplifier in the comparator circuit of the stabilizer are properly 
chosen, compensation for line voltage changes is obtained from the corresponding changes 
in the “‘heater-to-plate transconductance.’’ An equation for the over-all stabilization factor 
of the compensated stabilizer is presented in terms of the stabilization factor of a simple 
degenerative stabilizer. Output voltage changes of less than 0.005 percent for 10-percent 


change in line voltage were obtained from experimental tests of sample power supplies with 


350 Volts output. 


I. Introduction 


To improve the accuracy of ultrahigh frequency 
measurements, it was found expedient to develop 
several precision stabilized d-c power supplies 
\].' Although each power supply was designed 
for use with a specific instrument, it was required 
that each: 
1. Produce the required d-c output of several 
hundred volts. 
2. Be designed for a current drain of several 
hundred milliamperes with an approximately 
constant load resistance. 
3. Have stability such that the output voltage 
” practically independent of line voltage changes 
xpected in the laboratory. 
1. Have as simple a circuit as possible to facil- 
tate repairs and adjustments. 
Neher and Pickering, in a 1939 report [2], ob- 
rved that under certain conditions the experi- 
ental performance of a stabilized power supply 
is better than their theoretical prediction. They 
und that the lower the screen grid voltage of one 
the component tubes, the better the voltage 
abilization. 


le 


This phenomenon could be attrib- 


Figures in brackets indicate the literature references at the end of this 
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uted to the greater cathode temperature control 
of the amplifier-tube plate current at lower screen 
voltages. Since the cathode temperature depends 
on the heater voltage, the variations in heater 
voltage can be employed to improve the voltage 
stabilization for variations in line voltage. 

In view of the disagreement in literature in the 
usage of the terms ‘‘regulation”’ and ‘“‘stabiliza- 
tion’’, it is desirable to define these terms as used 
in this paper. Stabilization refers to the redue- 
tion of output voltage or current fluctuations. 
Regulation refers to the percentage change of 
output voltage of a power supply as the power- 


supply output current is changed. 


II. General Theory and Design Considera- 
tions 


The majority of commercially available general- 
purpose stabilized power supplies that furnish 
several hundred milliamperes at several hundred 
volts are of the degenerative amplifier type. The 
basic circuit of this type of stabilizer is shown in 
figure Bs The degenerative d Cc amplifier (T; iD 
fig. 1) is in a comparator circuit [3] that compares 
the output voltage of the stabilizer with some 
reference voltage. The over-all stability of the 
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power supply is no better than the stability of the 
reference voltage. Dry cells or standard cells can 
be used as precision reference-voltage standards. 
VR tubes are too unstable for reference voltages 


when precision stabilization is desired [4] 


oO a - Gif) 
ry I, 
47 


$ Vout t Your 
be 
L 

< 


REFERENCE 
VOLTAGE 


nL 
O 


e- oltage-stabili 


The equation of stabilization for figure 


usually given as follows 


where 
stabilization factor (AV4,/AV our). 
change in d-c voltage input to stabil- 
izer 
plate resistance of the control tube 
(7; 
external load resistance. 
plate load resistance of d-c amplifier 
(T2). 
amplification factor of the 
control tube (7; 
amplification factor of the d-c ampli- 
fier (7). 
plate resistance of the d-c amplifier 
(73). 
It is seen from the above equation that the theo- 
for a given load 


current 


retical stabilization factor (F 
(?,) is limited by the amplification factors and 
the plate resistances of the given tubes. It is 
noted that the stabilization factor (eq 1) does not 
directly consider the effect of line voltage changes 
on the heater voltage. The heater voltage is pro- 


voltage in most power 


portional to the line 
supplies, 
Precision measurements often require the use 


of a d-c power supply with output voltage practi- 
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cally independent of line voltage changes. A 
stabilization factor (F;,), which includes the effect 
of variations in the line voltage on the heate: 
voltage, is given in eq 2, in terms of the stabiliza 
tion factor (F’) of eq 1. 

4 

Fem, (1 _RaslrnSaN) 

oe ryt R, 

where 

Change in line voltage (AV;) 

Resultant change of output voltage (AV,,,) 


N,=Turns ratio of plate transformer. 
N,=~ Turns ratio of heater transformer. 
Sp: Ai, Ae pe 

The term “transconductance” 
of a better term to describe the effect on the plat 


heater-to-plate transconductance 
is used for want 


current of heater voltage acting through its con 
trol upon the initial velocity of the electrons 
emitted by the cathode. Although the expression 
is dimensionally correct, no attempt is made to 
defend it as rigorously correct, Jt is evident from 
eq 2 that, if the denominator equals zero, Fy, ap- 
proaches infinity, which indicates perfect stabili 
zation with respect to line voltage changes. I! 
the other factors in the denominator are of th 
proper order of magnitude, nearly perfect stabili 
zation can be obtained by adjusting the heater to 
plate transconductance (S,.) of the d-c amplifier 
tube (7)). the design of a 


compensated power supply requires a family of 


Therefore, heater 
characteristic curves for the d-c amplifier tubs 
(7, of fig. 1) that presents the plate current as a 
function of heater voltage and screengrid voltag 


Ill. Description of Operation 


Measurements were made on the. stabilized 


power supply shown in figure 2 for the purpose o 
It was found 


{ 


analyzing its heater compensation. 
that the 
changes in the heater voltage of the d-c amplific 
tube (7,) but independent of the heater voltag 
of the control tube (7)). 

Since the compensation ts effected through th 


output voltage is sensitive to small 


a study was made of th 
When a chang 


occurs in the heater voltage, the change in tl! 


d-c amplifier tube, 7), 
operation of the amplifier curcuit. 


plate current of the amplifier tube results in 
proportional change in the voltage V, across R 


which appears on the grid of the control tube 7 
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the heater-to-plate transconductance, Spo 1D 
2, is defined as the change in plate current per } 
it change in heater voltage with all other tube : 
tages held constant, it is seen that the inere- 
ental change in the voltage drop per unit change 4 
heater voltage, the ordinate of figure 3, is pro 
rtional to S Therefore the transconductance, 7 
varies with the screen-grid voltage as in figure f 
The sereen-grid voltage, at which S,. has the oom ae 
sper value for maximum stabilization, can be NPUT AC VOLTAGE 
; ected from experimental data such as is shown Ficurs 4. Stabilized d-c output voltage for various screen 
’ igure 4 grid voltages 
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The improvement with heater compensation of 
the stabilization of a power supply is shown in 
and e 


figure 5, a, b, The performance of the 
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Fiaure 5. 


a, Stabilized d-c output voltage versus primary voltage of high-voltage 
transformer; b, stabilized d-c output voltage versus primary voltage of heater 


transformer; c, stabilized d-c output voltage versus a-c line voltage. 


power supply without 
shown in figure 5, a. 


heater compensation is 
It is seen that with a constant 
heater voltage an increase in line voltage of 10 v 
resulted in an increase in output voltage of about 
0.1 v. The effect of changes in heater voltage is 
presented in figure 5, b. With the input voltage 
to the stabilizer, V,,:, held constant and the screen 
grid voltage set at the value for maximum sta- 
bilization, an increase of 10 v in the primary 
voltage of the heater transformer resulted in a 


decrease in the output voltage of about 0.1 v 
Thus it is seen that the heater voltage can be 
employed to provide the additional compensation 
that the voltage stabilizer 
usually lacks for perfect stabilization with respect 


degenerative-type 
to line voltage changes. Figure 5, ¢ shows that 
with the primaries of the high voltage and heate: 
transformers connected to a common line voltage 
and the screen grid voltage set at its proper value 
the heater-compensated power supply has a maxi- 
mum deviation of output voltage of 0.01 v for a 
line voltage change of 10 percent. This is a 
variation of less than 0.0005 percent in output 
voltage per volt change in the line. The per- 
formance appeared to be unaffected by changing 
from one amplifier tube (72) to others of the same 
kind, and over the period of time the power supply 
was used there appears to be no effect from aging 

The 


from the sample power supply (fig. 2): 


following measurements were obtained 


Parameter Measured value 


350 v d-c 
550 v d-e 
12 5 \ d-e 


Output voltage 
Input voltage to stabilizer 
Amplifier screen-grid volt- 
age 
Amplifier control-grid volt- 
age 
Output ripple 1.9 mv (rms 
Internal resistance 2 ohms 
Over-all stabilization fae- 500 
tor.® 


Percent voltage change * 


0.95 v d-e 


0.003 percent for + 10- 
percent line voltage 
change 


‘ Aline voltage 
* Stabilization factor is ° 
Aoutput voltage 


Aoutput voltage 
Percent voltage change is F 


output voltage 


Figure 6 shows the performance of this powe! 
supply for a wide range of input voltage. 


Voyr (VOLTS) 








100 105 110 ns 


AC LINE VOLTAGE 
Ficgure 6. Direct-current output voltage versus line voltag 


for 12.5 scree n-grid volts. 
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IV. Compensation for Time Lag 


A compensating voltage determined by the 
eater voltage of an indirectly heated cathode- 
vpe tube has a time lag dependent on the time 
vecessary for the cathode temperature to come to 
quilibrium [5, 6]. To reduce the effect of this 
ime lag, an RC circuit is applied between the 
nput terminal (V;,,, fig. 1) and the screen grid of 
the d-c amplifier. When a sudden change of line 
voltage occurs, the RC circuit applies the proper 
value of voltage to the screen grid of the d-c 
implifier to compensate for the thermal time lag 
if the cathode temperature. The time constant 
if the RC network was chosen to be equal to that 


of the temperature change of the cathode 
V. Summary 


Heater compensation has been applied to a 
degenerative voltage stabilizer to obtain a varia- 
tion of less than 0.0005 percent in output voltage 
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per volt change in line voltage. The high sta- 
bility was obtained without sacrificing simplicity 
of design. ‘The amount of compensation from the 
heater voltage action is a function of the screen- 
grid voltage of the amplifier tube. Experimental 
methods are given for determining the correct 
screen-grid voltage for maximum stability. 
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Mechanical Properties of Laminated Plastics at 
— 70°, 77°, and 200° F' 


By John J. Lamb, Isabelle Albrecht, and Benjamin M. Axilrod 


Laminates of an unsaturated polyester reinforced with glass fabric and of phenolic resin 


reil 


forced with asbestos fabric, high-strength paper, cotton fabric, and rayon fabrie were 


tested in impact, bending, tension, and compression at 70°, 77°, and 200° F. Special 
apparatus was constructed for conducting the tests at the extreme temperature con- 
ditions. The impact strength of the glass-fabric laminate increases at 70° and decreases 


at 200° F relative to 77° I 
rease at 70° and increase at 200° F 
changes in impact strength with 


trengths and moduli of elasticity increase 


values 


Tests made at room temperature after heating the materials at 200° I 


the paper an 
temperature 


at 


the impact strengths of cotton- and rayon-fabric laminates de- 


1 asbestos-fabric laminates have small 


tensile, and 


The 


70° and decrease at 200° F 


flexural, compressive 


relative to the 


for 24 hr indicate 


that prolonged heating with consequent loss of moisture content and further cure of the resin 


may offset the effect of high temperature alone 


t relative humidity, 


perce! 


I. Introduction 


\ know ledge of the effeet of temperat ure on the 
ength properties of plastics is of considerable 
portance in application of the materials for 
craft purposes. Results obtained by various 
ivestigators [1, 2, 3]? on plastic materials indicate 


at considerable variation in mechanical proper- 


s with temperature may be expected. 

Oberg, Schwartz, and Shinn [2] reported varia- 
tions of 10 to 30 percent in the tensile and flexural 
Grades C, L, and XX 
ninates for the range —38° to 78° F 
Norelli and Gard [3] reported data for tensile, 
tensile 


phenolic 


ropert 1es of 


mpressive, and shear strengths and 


«luli of elasticity for various phenolic laminates 
F to as high 


temperatures ranging from —67° 


392° F in instances. They concluded 


it the percentage change in strength for cellulose 


sSoOTne 


inates is greater than for those made with 
eral reinforcement. 
lata } nte per are a sun I f result el 
A Technical No fand 1550 
bracke 1 he teratu ref ee at th ft} 


Properties of Laminated Plastics 


In flexural tests made at 150° F and 90- 


two laminates showed considerable loss in strength. 


Meyer and Erickson [4] determined the mechani- 


cal properties of high-strength-paper phenolic 
laminates for temperatures from —69° to 200° F. 
For this temperature range they found large 


Variations in tensile, compressive, and flexural 


strengths and somewhat smaller variations in 


modulus of elasticity. The strength and modulus 


of elasticity values diminished with increasing 
temperature, 

In investigations by the Naval Air Experimental 
Station [5] considerable data have been obtained 
>and 160° F on the mechanical properties of 


of The 


strength and modulus of elasticity values were 


at 77 
a variety plastic laminates. ultimate 
generally lower at the higher temperature, but the 
percentage changes varied greatly for the different 
materials 

Witt, Wolfe, and Rust [6] obtained tensile and 
160° F and flexural 


160° F 


data at and 


70 


COMpressiy c 


impact data at and on a large 


number of samples of Grades C and L laminates 
They reported de- 


from \ arlous manufacturers. 


and compressive 


160° F 


creases in flexural, tensile, 


strengths and moduli of elasticity at rang- 
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ng from 20 to 25 percent relative to the corre- 
The impact strength of 
hese cotton-fabric phenolic laminates decreased 
bout 40 percent at —70° 
25 percent at 160° F. 
Izod-impact test data reported by Fuller [7] for 


ponding values at 77° F. 


F and increased about 


irades L. and XX phenolic laminates and for a 
lass-cotton-fabric phenolic laminate indicate an 
ncrease in Izod-impact strength with temperature 
for the cellulose laminates and an opposite trend 
for the glass-cotton-fabric laminate for the range 

67° to 158° F. Shinn [8] also found that the 
lzod-impact strength of paper and cotton-fabric 


phenolic laminates increased with temperature 
ver the temperature range —67° to 158° F; a 


similar trend was observed for paper and cotton- 
fabric unsaturated-polyester laminates between 

67° and 77° F. 

The present investigation was undertaken to 
obtain the impact, flexural, tensile, and compres- 
sive properties of representative laminates in the 
70° to 200° F. 
at these temperatures presents many problems not 


emperature range Since testing 
met in testing at room temperature, a major part 
of the project was concerned with the develop- 
ment of apparatus and techniques. 

This investigation, conducted at the National 
Bureau of Standards, was sponsored by and con- 
ducted with financial assistance from the National 
\dvisory Committee for Aeronautics. 


II. Materials 


The materials tested were a group of laminates, 
which at the beginning of the project (1943) were 
onsidered for possible application in structural 
members of aircraft. The samples were supplied 
) nominal }-in. and 's-in. thicknesses in the form of 
A detailed deserip- 
on of the samples is contained in table 1. 
tested at the 
University of Illinois [9] and the Pennsylvania 


sheets 3 ft square or larger. 
Five of these laminates were 


State College [10] in research investigations of the 
chanical properties of the materials. Creep at 
om temperature and flexural fatigue at various 
nperatures were determined at the former 
static and dynamic creep were inves- 


Limited mea- 


Oratory ; 
ated at the latter institution. 
ements of the tensile and compressive proper- 
s of the laminates were made at 77° F in both 


these projects. Some of these materials were 
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included in other investigations at this Bureau 
(11, 12], which were undertaken to determine (a) 
the tensile stress-strain characteristics of lami- 
nates and (b) the effect of simulated service con- 
ditions on laminates. Findley, Adams, and Wor- 
ley [13] made creep tests on the low-pressure 
Grade C 
laminate at 
relative humidity. In all instances except (a) 


laminate and the rayon-cotton-fabric 
three temperatures and 50-percent 


the tests were made on different sheets of the 
samples of the laminates. 


Ill. Apparatus and Test Procedures 


1. Sampling Procedures and Statistical 
Considerations 


Each sample consisted of only one sheet. 
Impact, flexural, and compression specimens were 
cut from the same sheet of ':-in.-thick laminate. 
Initially the sheets were cut into quarters. Im- 
pact and flexural specimens were cut from the four 
quarters of the sheet. A similar procedure was 
followed in cutting tensile and impact specimens 
from the \-in.-thick samples. The compression 
specimens were cut from the same quarter of the 
sheet, from an area of less than 1 square foot 

Since only one sheet of each sample was tested, 
the standard error as given in this report measures 
only variations due to the precision of the test 
method and variation within a sheet, but does not 
include sheet-to-sheet variability. 

In section II of this report it has been mentioned 
that five of these same materials were tested con- 
currently at two other laboratories [9, 10]. Both 
-in.-thick sheet of 
When the 


results of compressive strength tests made at 77 


of these laboratories had one 
each of the five types of laminates. 


F at the three laboratories were compared, it was 
found that, except for the second sheet of 'y-in.- 
thick rayon-fabric phenolic laminate received at 
the National 
sheets of each type of laminate had the same com- 
Therefore, 


Bureau of Standards, the three 
pressive strength within 15 percent. 
the sheets tested at this Bureau are considered 
typical of the manufacturer’s product. 

For Izod 


impact tests the average ratio of 


standard error to impact strength for the 153 
values given in table 2 is 2.3 percent. This ratio 
increases with temperature, being 2.0, 2.1, 2.5, 
and 200° F 


In general, this ratio was smaller for 


and 2.7 for tests at a. 48 
respectively. 
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impact tests made edgewise than for tests made 
flatwise. For the other tests the relative values 
of the standard errors are summarized as follows 
mean value 


Average ratio of standard error to individual 


Modulus 


of elastic- 


Numbe r 


‘ 


[ype of test of mean Strength 
values ity 


Flexure 
Tension 
( ompression 


2. Preparation of Specimens 


followed as 


testing 


The 


Specification L-—P 


procedures outlined in 
106a [14] 
closely as The 
were not polished with fine emery 
machining. The flexure 
fabric laminate U2 were cut 
abrasive saw. All the specimens of glass-fabric 
laminate sample AB were machined with carbide- 
Specimens of all other samples 


were 
specimens, however, 


paper after 


possible. 


specimens of  glass- 


with a diamond 


tools. 


tipped 
were machined with high-speed steel tools, which 
gave a finish considered satisfactory. The tensile 


specimens (fig. 1) were milled with a machine 


having a cam-operated milling fixture for duplicat- 
ing the desired contour (fig. 2). The ends of the 


compressive specimens were ground, while the 


latter were held in a fixture designed to give paral- 


lel, square ends. 

Specimens tested at 77° F and o0-percent relative 
humidity were conditioned at least 96 hr prior to 
test. tested at other temperatures 


were 


Specimens 
same as the 77° F 
the testing 


conditioned the 
and then were kept at 


first 
specimens 
temperature for 24 +2 hr prior to test. 


3. Impact Tests 


The impact tests were made according to 
Method 1071 in Federal Specification L—P—406a 
[14], using a Baldwin-Southwark pendulum-type 
Izod impact machine, which had ranges of 2, 8, 
and 16-ft-lb. 
the notch located properly with alinement jigs. 

The tests were made at temperatures of —70°, 
0°, 77°, and 200° F. The relative humidity was 
controlled at 50 percent in testing at 77° F and 


was not controlled at the other temperatures. 


The specimens were centered and 
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The samples in the ‘s-in. thickness were teste 


flatwise and edgewise for both the lengthwise an: 


crosswise orientations Since the Izod Im pare 


machine had a limited capacity (16 ft-lb), th 


specimens of the glass-fabric laminate sampl 
tested flatwise were made only 0.25 to 0.30 in 


wide Edgewise tests were made on specimens 
of the '.-in 


for both lengthwise and crosswise orientations 


thick sheets of some of the samples 


4. Flexural Tests 


The flexural made according to 
Method 1031 of Federal Specification L-P—406a 
[14], 2,400-lb-capacity Baldwin-South 
wark hydraulic universal testing machine that 
1,200, and 2,400 Ib. This 
machine was located in a room in which the at 
F and 50-percent 


tests were 


using a 
had ranges of 240, 


mosphere was controlled at 77 
relativehumidity. Tests to obtain flexural strength 
and load-deflection graphs were made at 70 
77°, and 200° F. 

A variable-span flexure test jig with a deflection 
indicator [15] was used in all tests (figs. 3 and 4 
The deflection of the specimen at the center of the 
span relative to the supports was indicated by an 
equal-arm lever actuating a gage. The gage, 
Southwark-Peters Plastics Extensometer, was 
coupled to the recorder on the testing machine to 
obtain load-deflection records. Two models of 
the Plastics 
apparatus: the Type PS-6, a high-magnificatio: 
and the Type PS-7 
a low-magnification gage with a range of 1 in. 

The span of the flexure test jig is adjustabl 
and the screw is graduated to 


Extensometer were used with this 


gage with a range of 0.23 in., 


from 1.6 to 9 in., 
0.002 in. The combination of recording gage an 
lever is accurate to about 5 percent in the measure 
ment of deflections over 0.01 in. with the PS-6 
gage and to about 3 percent for deflections ov: 
0.1 in. with the PS-7 gage. The percentage erro 
increases. Calibra 


Additional errot 


diminishes as the deflection 
tions were made only at 77° F. 
due to thermal expansion would have a maximu! 
value of 0.2 percent 

The flexural properties were determined on! 
for the 0.5-in.-thick samples. Each sample wa 
tested four ways, flatwise and edgewise for spe 
At lea 
five specimens were tested for each sample for a 
orientations. The only deviation from Metho 
1031 of Federal Specification L—-P-406a was t! 


mens cut both lengthwise and crosswise. 
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use of a span-depth ratio of 8:1 instead of 16:1 in 


order to conserve materials. However, for com- 


parative purposes flexure tests were made also at 


77° F with a span-depth ratio of 16:1. 
5. Tensile Tests 


Tensile tests were made according to Method 
1011 in Federal Specification L-P—406a [14], using 
the 1,200-lb range of a 2,400-lb capacity Baldwin- 


LESS THAN 0.02 “\2 


Figure 1. 


jimensions are in inches. 
0.004; A;—As=less than 0.004; B=0.7 


Notes or di nenaiona All 
WW, — Wy=Iless than 0.001; ¢ Wy 


MILLING MACHINE 
LONGITUDINAL CARRIAGE 


~ GAM FOLLOWER 


CAM FOLLOWER BRACKET 


FiGurReE 2. 


Specimens shall besymmetrical about line-connecting centers 
O+0).002. 


Southwark universal hydraulic testing machin 
and the 2,400- and 12,000-lb ranges of a 60,000-1! 
capacity Baldwin-Southwark universal hydrauli 
testing machine. 

The Model Southwark-Peters Plasti: 
Extensometer, referred to previously was used 
This instrument is a nonaveraging type with 
2-in. gage length, a strain magnification of 400 


PS-6 


and a strain range of 10 percent. This gage sepa- 


CENTER OF REDUCED SECTION 


9.00 
9.10 


Tensile specimen for plastic materials less than 0.24 in. thick. 


f tab ends. Wy W2=0 505 30.002 


Blanks, before machining reduced section, shall be parallel to within 0.002 
CLAMPED TO CARRIAGE 


CLAMPING SCREW 


SPECIMEN JIG 
SPECIMENS 


CAM 


MILLING MACHINE 
CROSS-FEED WAYS 


Jia for mi lling tensile test specimen, 
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ross-sectional view of flerural test jig and 
deflection indicator. 
i, Equal-arm lever; B, loading head; C, specimen; D, specimen support 
sutographic tensile strain gage; F, base of flexural test jig; G, paper phenolic 
nate support for flexural test jig This support used at high and low 
ratures 


A\r~ 


CROSSHEAD 


A 


; : \ 
TABLE OF TESTING MACHINE S 


oss-sectional view of flexural test jig and 
nsulated test cabinet. 
flat steel plate screwed t 


c pieces, attached by screws 


pecimen; G, paper pher 


tes into two parts and hence was left on the 
ecimen until failure. In all tests the relative 
te of head motion was kept constant at 0.05 
min until the specimen failed. 

Tests to strength and load- 


obtain tensile 


mgation graphs were made at 70°, 77°, and 
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200° F. Tensile tests were made on nominal \{-in 
thick samples. Both the lengthwise and crosswise 
directions of most of the samples were tested at 
the three temperatures. The 45°-diagonal direc- 
tion was tested only at room temperature. The 
tensile specimens for a given sample were all taken 
from the same sheet and those for testing at the 
three temperatures sampled appropriately from the 
four quarters of the sheet. 


6. Compressive Tests 


The compressive tests were made according to 
Method No. 1021 in Federal Specification L-P- 
406a [14] on the 2,400-, 12,000-, and 60,000-lb 
ranges of a 60,000-lb capacity Baldwin-Southwark 
universal hydraulic testing machine. 

The compression tool is shown in figure 5, to- 
gether with the insulated loading and supporting 
pieces used in the high- and low-temperature test- 
ing. The compression tool incorporates several 
features of one designed by Aitchison and Miller 
[16]. 

(1) Aspherical seat at the bottom of the plunger 
compensates for specimens that have ends that 
are nonparallel. 

(2) The load is transmitted from the testing 
machine to the plunger by means of a steel push 
rod and a spherical bearing at the lower end of the 
push rod. The upper end of the push rod is a 
spherical surface concentric with the bearing, so 
that the line of application of the load remains, as 
nearly as possible, coaxial with the plunger during 
a lateral displacement of the heads of the testing 
machine relative to each other. 

(3) The seat for the cylindrical lower bearing 
block was bored concentric with the plunger bush- 
ings. <A jig, adjustable for specimens of slightly 
different thickness, was used to center the speci- 
men on the lower bearing block to approximately 
0.01 in. 
possible in the high-temperature and low-tempera- 


This made rapid centering of the specimen 


ture tests 


An averaging type Southwark-Peters com- 


pressometer, model PC—4, with a gage length of 1 


in., a strain magnification of 1,000, and a strain 
range of 4 percent was used in obtaining stress- 
strain data. In testing, the relative rate of head 
motion was 0.01 in./min until about 50 percent of 
the maximum load was attained. Then the strain 
gage Was removed and the rate of loading increased 


to 0.03 in./min. 
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The compression specimen was 2 in. long and 


0.50 in. wide; the thickness (0.45 to 0.60 in.) was 
that of the material (table 1). Compression tests 
were made for both the lengthwise and crosswis« 
directions of the samples at 77° F, but only the 
lengthwise directions were tested at 70° and 
200° F. For some of the samples, specimens ori- 
ented at 45° were tested at 77° F. The compres- 
sion specimens for a given sample were all taken 
from the same section of the same sheet but were 
not otherwise sampled, since all the specimens 
were taken from a piece of the sheet less than 1 ft 


Ih area 





An additional set of specimens was tested at 
77° F to obtain the strain at failure. A South- 
wark-Peters deflectometer, model PD-1, was 
used to measure the motion of the plunger in the 
compression tool relative to the base of the tool 
The deflectometer has low magnifications of 5, 
10, and 20 with a range of 2 in. and high mag- 
nifications of 50, 100, and 200 with a range of 


0.2 in. 


7. High- and Low-Temperature Testing 


In all tests at 77° and 200° F, the specimens 
were kept in a conditioning cabinet at the test 
temperature for about 20 hr and were then placed 
in the testing cabinet 1 to 4 hr prior to testing 
resulting in a total conditioning period of 24 hr. 

The impact tests at 0° and 77° F were made in 
rooms controlled at these temperatures. For 
the —70° and 200° F tests, the impact machin 
was housed in an insulated cabinet. The air in 
the cabinet was circulated by a fan except during 
the impact tests. Dry ice was used to cool the 
air; heating was done with electric heaters. In 
testing conducted in the insulated cabinet the 


operator kept his hands, which were protected 


with woolen cloves, inside the cabinet for periods 
of about 15 min at a time. This was sufficient 
for testing about 5 to 10 specimens. 

For the low- and high-temperature flexural 
tests, the specimen, the flexural jig, and the de 
flection indicator were enclosed in a temperature 

Lb controlled cabinet equipped with a blower Th 
arrangement of the flexural apparatus for th 
rieuns § Oe ar ae low- and high-temperature tests is shown in 
ling head in lower crosshead figure 4. 
i paper phenolic tubing, n. . 
ed steel insert, 2-in. diameter For the low- and high-temperature —tensil 
jm plunger; (5), specimer tests, the specimen, the grips, and the strain gage 


ck; (7), case-hardened steel : ; 
were enclosed in an insulated temperature-con 
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GURE ¢ Interior view of compression test enclosu 


pecimen in place in compression too and compress¢ 


tlached to specimer 
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to preepeveveveyeveversbasentunnTSpeTSTT 


trolled cabinet (fig. 6 A triple-paned 12- by 
12-in. window in the front, armholes, and interio1 
lights enabled convenient handling of the speci- 
mens and equipment Dry ice Was used to cool 
the air; heating was done with « leetric heaters 
The arrangement fol compression testing at 
low and high temperatures was similar to that 
for tensile testing. The specimen, compicssom- 
eter, and compression tool were enclosed in an 
insulated temperature-controlled cabinet that was 
heated and cooled in the same wav as the tensile 
test cabinet. Figure 7 shows the compression 
tool in the cabinet with the specimen and strain 
race 1n position for testing The method of sup- 
porting and loading the compression tool is 
indicated in figure 5. The steel supporting and 
loading blocks are insulated from the platen and 
cross-head, respectively, by tubular phenolic 


laminate pieces The two holes shown in the 











rear of the box in figure 7 were used to circulate 
either hot or cold air from the conditioning unit 
shown in figure 6. 

Little difficulty was encountered in the high- 
temperature testing with this equipment. At 
low temperature several problems were encoun- 
tered, such as lubricants freezing, frost on the 
electrical contacts of the gage, and rusting of the 
gage and loading parts. The testing was carried 
out with no lubricant on the bearings of the 
pendulum impact machine, or on the flexural jig, 
or on the compression tool bushings. The bear- 
ings of the pendulum were oiled with heptane 
prior to warming up to room temperature. Frost 
on the electrical contacts of the strain gage was 
washed off with ethanol. Rusting of the strain 
gage, flexural jig, tensile grips, and compression 
tool plunger was avoided by immersing them in 
alcohol until they attained room temperature. 
They were then disassembled and dried thoroughly, 


IV. Results of Tests and Discussions 


1. Impact Strength 


The data for Izod impact strength of the various 
samples at temperatures of —70°, 0°, 77°, and 
200° F are presented in table 2 and figures 8 to 10. 


’ 


The variation in impact strength with temperature 
is shown in figures 8 and 9 for lengthwise specimens 
of the 0.5-in.-thick samples tested flatwise. 

The Izod impact strengths at 77° F for samples 
of the laminates tested flatwise are approximately 
as follows: 


Izod 
Type of laminate impact 
strength 


ft-lb in of 


notch 
Grade C phenolic, high-pressure and fto7 
low-pressure (L, V, W, I 
Rayon-cotton-fabrie phenolic (Z 17 
High-strength-paper phenolic (S)- i 
Asbestos-fabric phenolic (kK 2 to 4), 
Glass-fabric unsaturated-polyester (AB 30 


All the cotton-fabric samples exhibited a steady 
decrease in impact strength as the temperature 
was reduced from 77° to —70° F (fig. 9). For 
samples 12, L2, and V2, the impact strength at 
—70° F was between 55 and 65 percent of the 
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FIGURE 9. 


Variation of Izod impact strength with 


temperature for %-in.-thick laminates. 


Lengthwise specimens tested flatwise. J, Grade C phenolic; K, asbes 


fabric phenolic; L, low-pressure cotton-fabric phenolic; S, high-strength-pas 
phenolic; V, low-pressure Grade C phenolic; W’, high-pressure Grade 


phenolic. 
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I rE LO Variation of Tzod impact stre ngth with te mpera- 


ture for ra jon-cotton-fabric phe nolic lam nale. 


Z1, Sheet 4% in. thick; Z2, sheet 's in. thick; LF, lengthwise specime: 

ed flatwise; LE, lengthwise specimens tested edgewise; CF, crosswise 
mens tested flatwise; CE, crosswise specimens tested edgew ise 

77° F value for all orientations of specimen and 


directions of load employed. The corresponding 
range for W2, a high-pressure grade C laminate 


Little change in 


sample, was 73 to 77 percent. 
mpact strength at 200° F compared to 77° F 
was Observed for the cotton-fabric laminates with 
the exception of the 12 sample. The latter showed 
a steady increase in impact strength with tem- 
perature up to 200° F. These results are in good 
agreement with values reported for Grade C 
laminates by Shinn [8], who found that in flatwise 
tests impact strengths at —67° and 158° F were 
i6 and 113 percent, respectively, of the value at 
77°F. 

The paper, S2, and 
samples showed less than 25-percent variation in 


asbestos, K2, laminate 


npact strength over the range of temperature 
d orientations of specimen and loading investi- 
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gated (table 2). The variation in impact strength 
was less than 10 percent for the 0.5-in.-thick paper 
laminate sample tested flatwise. 

The temperature-impact strength trend for the 
high-strength-paper laminate sample agrees quite 
well with Shinn’s data [8] for flatwise tests where 
a very slight increase in strength with temperature 
was found for the range —67° to 158° F. Meyer 
and Erickson [4] reported that the impact strengths 
for ‘‘ Papreg’’ at the extremes of temperature were 
slightly less than the normal temperature values, 
a trend found in this laboratory only for the 0.5-in. 
sheet tested edgewise. In their impact tests at 
158° and 200° F, Meyer and Erickson stated that 
the specimen was ‘“‘tested at room temperature 
within 15 to 30 see after removal from the condi- 
tioning medium”’; this test condition is believed to 
introduce some uncertainty into the results. 

The rayon, Z, 


samples had much higher impact strengths than 


and glass-fabric, AB, laminate 


the other samples and also show different impact 
When 


tested edgewise, the rayon laminate sample in 


strength versus temperature trends (fig. 8 


both the k- and 's-in. thicknesses showed a slight 


but steady decrease in impact strength as the 


temperature was varied from 70° to 200° F 
(fig. 10). The glass-fabric laminate sample, AB2, 


showed a constant trend toward higher impact 
strength at low temperatures. This agrees with 
data on glass-fabric laminates given by both Field 
[1] and Fuller [7]. The values for the impact 
strength of the glass-fabric laminate sample in 
this paper agree very well with the 77° F data for 
the same combination of cloth and resin tested by 
C. D. Jones [17]. 

The increase in the impact strength of the glass- 
fabric laminate sample at low temperature is 
anomalous; it may be related to the interlaminar 
shear failure that occurs in impact testing of the 
glass fabric. Thus, if the shear strength increases 
at low temperature In proportion to the increase in 
tensile and compressive strengths at low tempera- 
ture, the impact strength as measured by the Izod 
method should likewise increase. 
values for the 


The approximate percentage 
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changes in Izod impact strength at —70 


F based on 77° F values are as follows: 


and 200° 


rength 
i ill i 
70° I 200° | 
(srade ¢ ple bic } , Perce? 
pressure IL. \ 10 Ot ) 
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In the tests at 200° F the specimens may hav 
lost some moisture as compared to those teste: 
at the lower temperatures and may have unde: 
gone further cure as a result of the heating. T 
obtain information relative to these effects, Ize 


Impact specimens were tested at 77° F after being 


heated at 200° F for 24 hr and cooled to roon 
temperature for 1 to 2 hr over calcium chloride 


nt desiccator. The results of these tests are show! 


in table 3 
samples, L2 and V2, were about 10 percen 
weaker and the = glass-fabric laminate. samp! 
AB2, about 10 percent stronger after the 200° | 
heating. A decrease of 10 percent in impa 
strength was noted for the ravon laminate, 7? 
No definite effect of the heating on the strengt!] 


of the other samples Was noted 
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2. Flexural Properties 


The flexural properties of some of the laminates 
sted flatwise at 77° F 


yllows: 


were approximately as 


Initial 
flexural 
modulus of 
elasticity 


Flexural 


I'vpe of laminat« 
I ; F strength 








102% ib/in2 10 * lb/in2 
Grade C phenolic low- 
pressure | \ 7 16 0. SO 
Grade © phenolic high- 
pressure Ww. 1S to 22 1.0 to 1.1 
Ravon-cotton-fabric phe- 
nolie (Z : 34 1.6 
High-strength-paper phe- 
nol Ne) 33 2.4 
Ashbestos-fabric phenolic ®lt | *1.2 | 
x 9 (C 1.0 (¢ 
Glass-fabrie unsaturated 55 (1 2.5 to 2.9 
polyester (I AB 15 ( 
BC 
7 
70 2 
Zz 60 
. e 
» 50 U 
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> #0 o 
Ww Z 
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i 30 
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RE 11 Variation of fle rural strength with ten peratu 
n -t} ch lam nates 
I y rm flat w ise Spa pt S I, Gra 
K, ast phe L, low-pressure ¢ al henol 
h-streng paper | U, glass-fabric unmsaturated-; este v, 
ure Grade C | W, high-pre Grade C | Z, 
cotton-fat pt i] ass-fabric unsaturated-polye 
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(a) Temperature Dependence 
The variation of the flexural properties of the 
samples with temperature is shown graphically 
in figure 11 to 21, 














3.50 
‘ . 
™N 
z 3.00 
a ~_ @_ AaB 
NS 
2.50 . 5 - 
a 7 
re 
oO Ss 
‘~ 2.00 
a 3 
a 
& 
S 1.50 = 
‘ w® z 
) ve - ° + 
ca) 100 M4 
: . ! 
=> ~ 
| + as Ww 
7 v 
= sO 
| 
Oo | 
-70 77 200 
TEMPERATURE °F 
ki RI 12 | atior nil flex 1 mod é 
/ ty th ten perat 0 th rminat 
‘ | fl 4 a | } s ] ( 
Ka abr ! ’ I " : 
s | | 4 } p 
5 Gra Cy " Gira Cy Z 
t i/ i | 
60 . 
U 
AB 
rw) 
= 50 
“~ 
rs) 
~” 
2 40 
o S 4 
W 
va 
= 30 
w” 
x 
ui l 
2 r 
= 20 iw L 
Ww P K V 
= , 
WwW 
a 10 4 = 
4 a? 
~ “a 
Ww 
12) 
1@) 05 10 iS 20 25 30 35 
DEFLECTION AT MID-SPAN, IN. 
Fictre 13 Flerura tress-deflection ¢ 8 m 
ti } iminate ul / 
I \ p f 1 flatw pa I atio 8 I, Gra 
( he kK, a fabric | ce; I ‘ ‘ at 
S, higt paper | ce; C ass-fat stura | r 
l vl Grade C p uw} 1 ‘ ule C | Z, 
" I 1/ la al i | 











20 
MID - SPAN , IN 
curves jor low- 
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cotton-fabric phe nolic laminate, V2. 


Ficgure 14 stress-de flection 


pressure Grade C 
Initial 
2. 200° F 


tested flatwise 


F, 1,220,000 Ib/in 


Lengthwise specimens Span-depth ratio 8:1 


modulus of elasticity: —70 2. 77° F, 820,000 Ib/in e 


10.000 Ih/in.? 
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high-pres- 
We. 


stress-deflection curves for 


15. Flexural 


Grade cotton fabric phenolic laminate, 


FIGURE 
sure 


Lengthw ise tested flatw Span-depth ration 8:1. Initial 
f 10,000 It ; 77° F, 960,000 Ib/in.?; 200° F, 


modulus of elasticit 0° F,1 


ao.000 Tt 


The four samples of cotton-fabric phenolic 
laminates, I2, L2, V2, W2, exhibited quite 


The flexural strength of these 


and 
similar properties. 
cotton-fabric laminates increased about 10 to 30 
percent at —70° F and decreased very nearly 30 
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DEFLECTION AT MID-SPAN, IN 
Figure 16. Flerural stress-deflection curves for rayo 
cotton-fabric phenolic laminate, Z2. 


Lengthwise specimens tested flatwise at three temperatures. Span-dept 


ration §:1] 


Initial @exural 
modulus of 
elasticity 


Flexural rotal deflec- 


rempera- 
strength tion 


ture 


lbjin lb/in2 
2, 340, 000 43, 700 
1, 580, 000 34, 400 
1, 160, 000 25, SOO 


percent at 200° F, compared to the 77° F values 


(fig. 11 Corresponding changes for the initia 
modulus of elasticity (fig. 12) were increases of 
40 to 80 percent at 70° F and moderate de 
creases up to about 25 percent at 200° F. Th 
variations of secant modulus values with tempera 
ture were greater than for the initial modulus 
of elasticity. 

These results are in fair agreement with dat 
phenolic laminate given by Ober 
Schwartz, and Shinn [2]. They observed i 
creases in flexural strength and flexural modulu 
38° F con 


for grade C 


of elasticity of about 17 percent at - 
pared to values at 78° F and 40-percent relatiy 
humidity. Witt, Wolfe, and Rust [6] reported 
20-percent increase in flexural strength and 3 
percent increase in modulus of elasticity at —70 

for eleven Grade C materials based on values 
77° F and 50-percent relative humidity. 
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Figure 17. Flerural stress-deflection curves for high-strength- 


paper phenolic laminate, S82. 


Span-depth ration 8:1. Initia 
200° F, 


Lengthwise specimens tested flatwise 
lulus of elasticity: —70° F, 2,890,000 Ib/in.?; 77° F, 2,420,000 Ib/in.* 


150,000 Ib/in.? 


The flexural strength and initial flexural modu- 
lus of elasticity of the paper phenolic laminate, 
52, varied with temperature in a manner similar 
to the values for the cotton-fabric laminates, 
except that the initial modulus of elasticity in- 
creased only 20 percent between 77° and —70° F. 
Meyer and Erickson [4] reported that the flexural 
trength and flexural modulus of elasticity for 


high-strength-paper phenolic laminate decreased 


at elevated temperatures and increased at sub- 
normal temperatures. The magnitudes of the 
hanges that they recorded agree fairly well with 
he data given in this report. In tests at the 
Naval Air Experimental Station [5] on a phenolic 
material laminated with a spruce sulfite paper, 
robably of the high-strength type, it was noted 
hat the flexural strength and flexural modulus of 
lasticity at 160° F were about a third less than 
t 77° F. 

The variation of the flexural properties of the 
trade AA asbestos-fabric-laminate, K2, with tem- 
erature was less than that of the cotton-fabric 
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FicuRE 18 Flerural stress-deflection curves for Grade AA 


asbestos-fabric phenolic laminate, K2. 


Lengthwise specimens tested flatwise. Span-<depth ratio 8:1 Initial 


modulus of elasticity 70° F, 1,640,000 Ib/in.?; 77° F, 1,200,000 Ib/in.?; 20 


220,000 lb/in.? 
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FIGURE 19. Flexural stress-de flection curves for glass-fabric 
laminate, AB2. 
Initial 


2,880,000 


Span-depth ratio 8:1 
3,150,000 Ib/in.*; 77° F 


Lengthwise specimens tested flatwise 
flexural modulus of elasticity: —70° F, 


Ib./in.2; 200° F, 2,480,000 Ib./in.? 
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Most of the 
change in flexural properties of the asbestos-fabric 
and 70° F; the 


laminates and the trend is different 


laminate occurred between 77 


( 


bath ate 


Grade C phenolic (L, V, W, I 
Rayon-cotton-fabrie phenolic (Z 
High-strength-paper phenolic (S 
Asbestos-fabrie phenolie (hh 

(Gilass-fabric unsaturated-polvester (U, AB 


(b) Effects of Other Environmental Conditions 


Flexural tests were also made at 77° F on speci- 


mens heated at 200° F for 24 hr to determine 
whether changes in the strength properties oc- 
curred in the 200° F tests. Such changes may be 


brought about by a additional eure of the resin, 
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specimens 
strength values showed an 


flexural strength and initial modulus of elasticity 
increased roughly 20 and 35 percent of the 77° F 
The 


change in flexural properties at 200° F 


values, respectively, at ‘. oe average 


was hot 


over 5 percent. The stress-deflection curves for 
indicate the similarity be- 
200° F. 

The two glass-fabric laminates, U2 
the 
strength and modulus of elasticity with tempera- 
ture (figs. 11, 12, 19 The flexural strength in- 
creased about one-third at 
about one-third at 200° F. 


of the two materials did not differ significantly 


this material (fig. 18 
tween the properties at 77° anc 


AB2, 
in change of flexural 


and 


showed same trend 


70° F and decreased 
The flexural strengths 
The AB2 sample was superior to the U2 sample in 


flexural modulus of elasticity, having greater 
values at all temperatures and for all directions 
The percentage decrease in modulus 


the AB2 


of testing 
of elasticity at 200° F 
than for the U2 sample. 


was less for 

For both vlass-fabric laminates the stress-de 
flection diagrams were less curved than for any 
tested In the 


crosswise directions the secant 


other samples lengthwise and 
modulus of elas 
ticity for the range 0 to 25,000 Ib/in? showed a de- 
than 10 the 
modulus of elasticity at all the temperatures. 

The the 
changes in flexural strength and flexural modulus 
and 200 


crease of less percent from initial 


approximate values for percentage 


of elasticity at —70 F, based on 77° F 
values, for the lengthwise and crosswise directions 
of the laminates investigated may be summarized 


as follows: 


' . Change in initial flexural 
hange in flexural strength ; 
modulus of elasticity 
70° I 200° | 70° | 200° | 
Percent Percent Percent Percent 
10 to 30 30 10 to SO & to 25 
30 25 1) 30 
25 10 20 IS 
20 ) 35 0 
30 30 to 35 10 to 15 5 to 25 


b) loss of moisture, (c) deterioration of the fille 


if organic, or (d) a combination of these factors 


The results of these tests and of tests on unheates 


are flexura 


$. The 


average 


shown in table 


decrease ol 


about & to 13 percent for the cotton-fabric and 
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maper laminates. The changes in the flexural 


moduli of elasticity were small and not consistent 


xcept for the low-pressure sample, L2, which ex- 
ibited increases of 10 percent after heating. The 
lass-fabric laminate, U2, exhibited average in- 
reases Of 11 and 4 percent, respectively, in flex- 
ral strength and moduli of elasticity on heating. 
‘he asbestos-fabric laminate, K2, also exhibited 
gher flexural properties after heating, the in- 
reases in flexural strength and moduli of elasticity 
eing about 7 and 12 percent, respectively 


It seems reasonable that the strength and 


-roperties of Laminated Plastics 


i flexura properties of o-in.-thick laminates 
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modulus of elasticity values of these organic plas- 
tics should diminish with increase in temperature 
if no change in composition or structure takes 
place If heating a laminate at 200° F for 24 In 
causes an increase in the strength properties duc 
to a change In composition or structure then in 
the flexural tests at 200° F (table 4) the effects of 
prolonged heating and of an elevated test tempera- 
ture may oppose one another. This may explain 
the very small differences between the flexural] 
properties at 77° and 200° F (fig. 18) for the as- 


bestos-fabric laminate, which had increased flex 
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ural properties at 77° F after heating (table 4). 
The effect of prolonged heating on the flexural 
strength of laminates was investigated by Haus- 
mann, Parkinson, and Mains [18]. They found 
that the flexural strength of Grades C, X, and 
XXX phenolic laminates at 190° F increased 
with the length of time the specimens were at the 
test temperature (see table 1, [18]). For the 
Grade XXX laminate, the flexural strength values 
at 194° F after a month of heating were nearly 
equal to the 77° F values on unheated specimens. 

Flexural strength tests were made on six samples 
at 150° F and 90-percent relative humidity after 
24 hr of conditioning at the test temperature, 
combining the effects of elevated temperature 
and high relative humidity. The results of these 
tests are given in table 5, together with corres- 
ponding data for the 77° and 200° F tests. 

The deleterious effect of these extreme condi- 
tions was most pronounced for the paper laminate, 





AB -70°F 


77°F 


200°F 


° 0.20 0.40 060 0.80 1.00 


SPECIFIC FLEXURAL OF MODULUS ELASTICITY, 10° LB/in2/(sp GR)3 
Figure 21. Comparison of specific flerural modulus of 
elasticity of '4-in.-thick laminates at three temperatures. 


Lengthwise specimens tested flatwise. Span-<lepth ratio 8:1. J, Grade ¢ 
phenolic; A, asbestos-fabric phenolic; L, low-pressure cotton-fabric phenolic; 
S, high-strength-paper phenolic; C, glass-fabric unsaturated-polyester; V,low- 
pressure Grade © phenolic; W, high-pressure Grade C phenolic; Z, rayon 


cotton-fabrie phenolic; AF, glass-fabric unsaturated-polyester, 
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Taste 5. Flerural strength of '4-in.-thick laminates ¢ 


various temperatures and relative humidities * 


Flexural strength at 


Material designation 77° F, 1° F, 200° F, 
5SO-percent 9)-percent 6 percent 
relative relative relative 
humidity >| humidity «| humidity ¢ 


103 Ib/in.2 


1@ lb/in.2 1 lb/in2 


V2, Low-pressure Grade C 


phenolic 16.7 +0.3 7.0 40.1 11.4 +0.2 
W2, High-pressure Grade C 

phenolic I8.34 .4 15.42 .3 13.34 .2 
2, Grade C phenolic 22.2% .3; 9.82.2] 14.52 .1 
Z2, Rayon-cotton-fabris 

phenolic 4.44.5) MO+.3) 2.84 
S82, High-strength-paper 

phenolic ‘ 3.24 4 13.224 .6 19.42 .2 
A B2, Glass-fabric unsaturated 

polyester 3.2 1| 34.7 4 33.8 8 

* Lengthwise specimens tested flatwise. Tests were made in accordan 


with method 1031, Federal specification L-P-406a, using an 8:1 span-dey 
ratio. Each value in the table represents the mean for 5 specimens. Tt 
accompanying plus or minus value is the standard error. 

> Specimens conditioned and tested at 77° F and 50% relative humidity. 

* Specimens tested at 150° F and 90% relative humidity after 24 hr at the 
test conditions. 

4 Specimens tested at 200° F and less than 6% relative humidity after 
24 hr at the test conditions. 


sample 52, and the low-pressure Grade C lam- 
inate, V2. The other four samples were not so 
greatly affected by these conditions as they wer 
by 24 hr at 200° F and a low relative humidity 
The effect of moisture content on the strength 
properties of high-strength-paper laminate was 
studied by Erickson and Mackin [19]. They 
tested specimens from a series of panels condi 
tioned 100 days at 80° F at various relative 
humidities. They found decreases in ultimat 
strength in tension, compression, and flexure of 
25 percent or more and decreases of about 35 pet 
cent in modulus of elasticity as the relative 
humidity was varied from 30 to 97 percent, corre 
sponding to moisture contents ranging from 0.2 
to 9.5 percent. 

The above results and the results obtained in 
this laboratory indicate the necessity for studying 
the effect of relative humidity as well as tempera 
ture on the strength properties of laminates 
especially those with cellulosic fillers. 


(c) Strength-Density Considerations 


When the density is considered in evaluatin 
the flexural properties of these samples, the cell: 
lose laminates, with lower densities than tl! 
mineral laminates, compare more favorably wit 
the latter materials and are superior in son 
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instances. This may be seen by comparing figures 


20 and 21 with figures 11 and 12. Figures 20 and 
21 also show that there is no difference in specific 
strength properties between the low-pressure and 


V2 and W2, made with 
When comparisons are 


high-pressure laminates 
the same Grade C fabric 
based on density . the flexural strength and stiffness 
of the asbestos-fabric laminate, K2, are greater 
than those of the cotton-fabric laminates at 200° F. 


(d) Effect of Span-Depth Ratio 


The results of tests made at 77° F using span- 
depth ratios of 16:1 and 8:1 are given in table 6. 
The flexural strength obtained with a 16:1 span- 
depth ratio was slightly less for all samples, the 
decreases ranging from about 2 percent for the 
glass-fabric laminate, U2, to about 7 percent for 
The initial 


flexural modulus of elasticity values were usually 


the cotton-fabric phenolic laminates. 


a little greater for the tests with the larger span- 
depth ratio The I2 material, a high-pressure 


phenolic Grade C laminate, showed significant 


changes in both flexural strength and initial 
modulus of elastt it with the change In span- 
depth ratlo 


3. Tensile Properties 


The results of the tensile tests of the plastic 
laminates at temperatures of —70°, 77°, and 200 
F are shown tn figures 22 to 30. 

The tensile properties of representative lamin- 
ates at 77° F are approximately as follows: 


Tensile 
secant 


modulus of 


Type of laminate Tensile elasticity 
, strength for lowest 
stress 
range in 
table 8 
LP il 10 thir 
Grade C_ phenolic, low-pres 
sure (\ 9 0.8 
Grade C phenolic, high-pres 
sure (W 10.5 1.0 
Ravon-cotton-fabrie phe 
nolie (Z 32 (L) #1901 
26 (¢ 1. 2 « 
High-strength-paper — phe 
noe (5). 30 2 6 
Asbestos-fabrie phenolic (hk S L, 1. 5 (L 
CGlass-fabrie unsaturated 5 «( 1. 2 (¢ 
polyester (Al 13 (1 3.0 (1 
$3 (f 2 6 (( 
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The tensile strengths and moduli of elasticity 


of all the samples increased at 70° F and di 
creased at 200° F relative to the 77° F values 
figs. 22 and 23 


The three cotton-fabric phenolic laminates, LJ 
V1, and W1, exhibited similar changes in tensil 
strength properties with change in temperatur 


The tensile strengths of these samples increase 


15 to 25 percent at 70° F and decreased 25 to 


30 percent at 200 KF compared to the 77° F values 
Corresponding changes for the secant modulus « 
elasticity at 2,500 lb/in.? were increases of about 
10 to 50 percent at —70° F and decreases of about 
20 to 30 percent at 200 KF. Witt, Wolfe, an 
Rust [6], in tensile tests at 77° F and 160° F on 
number of samples of Grade C phenolic laminat 
found average decreases in strength and modulus 
of elasticity of about 18 and 22 percent, respe 
tively. 

The rayon-fabric phenolic laminate, Z1, show: 
the greatest percentage increase 55 crosswise al 
70 lengthwise) in tensile modulus of elasticity : 
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-70° F. Other changes in the tensile properties 
of this laminate were similar to those for the three 
otton-fabric phenolic laminates 

Of the samples tested, the high-strength-paper 
phenolic laminate, Sl, showed the largest per- 


entage decrease 10%) in tensile strength at 200 


Ie The percentage changes in modulus of elastic- 
tv at both 70° and 200° F were less for the 


maper (10 to 20%) than for the other four lami- 
ates with cellulosic reinforcement 

Mever and Erickson 1] reported that the tensile 
trength and modulus of elasticity for high- 
trength-paper laminates decreased about 35 and 
> percent, respectively, at 200° F relative to 75 
I: these values agree with the data in table 8. 
The changes found by them at subnormal tem- 
veratures were much less than those given in this 


negative values 


eport and included slightly 
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The material investigated by Meyer and Erickson 
was quite similar to that tested in this laboratory 
as regards resin, molding conditions, and papet 
base. 

The asbestos-fabric laminate, K1, (fig. 33), with 
decreases in tensile properties of less than 10 per- 
cent at 200° F, exhibited the least change of all 
the samples. Witt and others [6] tested several 


Grade AA asbestos-fabric phenolic laminates i 


tension. They found that average decreases in 
strength and modulus of elasticity at 160 F rela- 
tive to 77° F were 6 and 15 percent, respectively 

Next to the asbestos-fabric laminate, the glass- 
fabric laminate, AB1, (fig. 30) showed the smallest 
percentage loss (20°) in strength at 200° F 
This change was approximately half that of the 
laminate, Sl] The 


fabri laminate also had the highest percentage 


glass- 


high-stre ngth-papet 
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crease (33%) in tensile strength at 70° F. 


lhe percentage change in the tensile modulus of 
asticity of the glass-fabric laminate was about 
the same as for the high-strength-paper laminate 
both the high and low temperatures. 
The values for the 


approximate percentage 


Type of laminate 


Grade ¢ phenoli 


phe nolie, 


, low-pressure (\ 
Grade ¢ high-pressure (W 
Rayon-cotton-fabric phenolic (Z 

High-streng 


Asbestos-fabric phenolic iN 


th-paper phenolic (S 


Glass-fabric unsaturated-polyester (crosswise only 


The types of failure obtained in tension were 
nilar to those shown by Findley and Worley 
e fig. 49, [9}) and by Marin (see fig. 41, [10] 
the same laminates The cotton-fabrie pheno- 
laminates had a clean break, with the exception 
the low-pressure molded laminate, V1, which 
The high-strength- 
had a brittle and_ slightly 


0 split on a central ply 
per laminate, Sl, 
ved break In the glass-fabric laminate ABI, 


failure was very irregular and of the tongue and 
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changes in tensile strength and tensile secant 


modulus of elasticity at —70° and 200° F, relative 


to the value at 77° F for the laminates investigated, 


may be summarized as follows: 


Change in tensile se 


Change in tensile 
cant modulus of 


strength 
elasticity 

70° | 200° | 70° | 200° | 
Percent P e Percent Percent 

25 30 17 IS 

20 30 1 30 

25 25 60 0 

1S 10) 23 lS 

LS 3 23 10 

AB 33 20 23 20 


vroove type, extending throughout the reduced 
The 


fabric laminate, Z1, was between that of the glass- 


section manner of failure in the rayon- 


fabric and the cotton-fabric laminates 


4. Compressive Properties 


The results of the compressive tests of the plasti: 


laminates at temperatures of —70°, 77°, and 200 


F are shown in figures 31 to 35. 
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The compressive properties of the laminates at 
77° F are approximately as follows: 


Compres- | Compressive 


Type of laminate sive modulus of 
strength elasticity 
lv / n 10 hoa 
Grade ( phe noic, low 
pressure (\ 19 0. 9 
Grade © phenolic, hig! 
pressure W, l 20 to 25 1.1 to 1.3 
Rayon-cotton-fabrie phe °4 22 O(L 
nolie (Z a : 1. 9 (( 
High-strength-paper phe 
nolie (S 19 2 @ 
Asbestos-fabrie phenolic 2] 1.5 (L 
K ri 1. 2 ( 
CGlass-fabric unsaturated » 42 (I a3(L 
polvester AB 3h (¢ _ { 
hw ( 
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hi RE 31 | , trengtl th? ; 
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A t { t } 
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The compressive strengths and moduli of elas- 
ticity of all the laminates increased at —70° F 
and decreased at 200° F, relative to the 77° Ff 
values (figs. 31 and 32 

The compressive strengths of the four cotton 
fabric phenolic laminates increased 50 to 70 pet 
cent at 70° F and decreased 10 to 30 pereent a 
200° F. The compressive secant modulus of 
elasticity increased 30 to 60 percent at 70° F 
with the greatest change in the low-pressur: 
samples, and decreased 20 to 30 percent at 200° F 
The two low-pressure cotton-fabric phenolic lam 
inates, L2 and V2, made with the same resin 
showed nearly identical variation in compressiv: 


Witt, Wolfe, an 


Rust [6], who tested a large group of samples o! 


properties with temperature 


Grade C phenolic laminate in compression at 77 
and 160° F, found average decreases in compressivi 
strength and modulus of elasticity of about 22 and 


Norelli and Gard [8 


who tested a Grade C sample at various tempera 


27 percent, respectively 
tures, indicated an increase In compressive strength 
of about 50 percent at —67° F and a decrease of 
relative to 77° F 


35 percent at 167 I 
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nate, « 


The high-strength-paper, S82, 


fabric, Z2, 


pressive strength 85 percent at —70° F 


the 
phenolic laminates increased in com- 


and rayon- 
and de- 
creased in compressive strength 10 to 20 percent 
at 200° F 

of elasticity 


The changes in compressive modulus 
for the 


with temperature were less 


Type of laminate 


Grade C phenvlic, low-pressure (L, \ 


Crade Cc phe noc, higt pressure W, | 
phenolic (Z 


High-strength-paper phenolic (S 


Ravon-cotton-fabric 


Asbestos-fabric phenolic (hk 
toy 


Glass-fabric unsaturated-polvester (AB 


high-strength-paper laminate than for the othe 
cellulose laminates, the increase at —70° F being 
20 percent and the decrease at 200° F being | 
percent. The changes in compressive properti« 
of a high-strength-paper phenolic laminate a 

69° F and 200° F relative to 77° F, 


Meyer and Erickson [4], are in good agreemen 


reported by 


with the results given in this report, except that 
they obtained much smaller increases in modulu 
of elasticity at 69° F 

The asbestos and glass laminates, K2 and AB2 
in general, showed much smaller variations i 
compressive properties with temperature than thi 
cellulose laminates. The changes in compressiv: 
strength and modulus of elasticity for the asbestos 
fabric phenolic laminate were 30 and 15 percent 
10 and 15 pet 


The changes in th 


respectively, at —70° F, and 
cent, respectively, at 200° F. 
glass-fabric laminate were almost the same except 
for the 30-percent loss in compressive strength at 
200° F. 

The compressive-strength variation with tem 
perature of the Grade AA asbestos-fabric laminat: 


reported by Norelli and Gard [3] agrees in trend 
the 


They obtained an increase of less 


with, but differs in magnitude from, data 


presented here 
‘) 


than 10 percent at 67° F and a decrease of 2 


percent at 167° F. No comparative data wet 
found in the literature for a glass-fabric laminat: 
similar to the sample, AB2 

The the 
changes in compressive strength and modulus o 
and 200 


I for lengthwise specimens, are as follows 


approximate values for percentag 


elasticity at —70 F, relative to the valu 


at ae 


Change in compressive secant 
modulus of elasticity (0 t 
2.500 Ib/in 


Change in compressive 
strength 


70 


Percent ( Percent 
50 60 
50 to 70 30 to 45 
85 5 
5 20 
30 1d 
30 : 10 
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All of the cotton-fabric laminates, the asbestos- 
abrie and the rayon-cotton-fabric laminates failed 
The break 


started at the top of the specimen at one edge 


1 compression in the same manner. 


ind went downward across the machined face at 


in angle between 45° and 60° to the horizontal 


\ similar failure occurred in’ the low-pressure 
except that there was 
The line of failure 


n the high strength-paper laminate, 82, progressed 


otton-fabric laminate, 


plitting along a central ply. 


rom one corner to a diagonally opposite corner, 
artly on a 45° angle and partly by delamination 
The glass-fabric laminate, AB2, failed explosively 
nd delaminated at several places. Examples of 
broken compression specimens of similar laminates 
re shown by Findley and Worley see fig. 50, 
9}) and by Marin (see fig. 42, [10]). 

5. Comparison of Temperature Dependence of 

Flexural, Tensile, and Compressive Properties 


Figure 36 shows the percentage changes in 
strength and modulus of elasticity with tempera- 
ture based on 77° F values for flexural, tensile, 
ind compressive tests 

For the 


hanges in 


cellulose laminates, the percentage 


tensile and flexural strengths with 
emperature for a given sample were about the 


same These strength values increased 15 to 25 








npa son of change 8 
/ 


and compressive (¢ proper 


and 200° F hased on values at 7 
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percent at 70° F and decreased 25 to 40 percent 
at 200° F. 


of the cellulose materials was different; the in- 


The compressive-strength behavior 
creases alt 70° F were 50 to 85 pereent, the de- 
creases at 200° F were only 10 to 30 percent. For 
a viven sample, the percentage increase Ih Ccom- 
pressive strength at —70° F was at least double 
the percentage increase in flexural or tensile 
strength; at 200° F the percentage loss in compres- 
sive strength, in general, was half the percentage 
loss in flexural or tensile strength. 

The increases in the three moduli of elasticity 
of the five cellulose-fabric laminates at 70° ¥F 
were about 40 to 60 percent, and the decreases 
n moduli of elasticity at 200° F were from 15 to 
(0 percent. The high-strength-paper laminate, 
for which the three moduli change very similarly 
fig. 36), showed smaller changes in moduli at 

70° F than the other cellulose laminates 

The percentage changes in strength with temper- 
ature of the laminates with mineral reinforcement 
did not vary much with the type of test, in con- 
trast to the cellulose laminates, for which the 
Variation in compressive strength with tempera- 
from the 


tensile strength The 


much different 
flexural and 


ture Was percentage 
changes in 
percentage changes in flexural, tensile, and com- 
pressive strengths of the asbestos-fabric laminate 
were increases of 15 to 30 percent at 70° F 
and decreases of about 5 percent at 200° F 
The percentage changes in the three strength 
values for the glass-fabric laminate, AB, were 
nearly alike, particularly at 70° F. The re- 
spective increases In the flexural, tensile, and com- 


pressive moduli of the glass-fabric laminates at 


70° F were almost equal to the decreases at 200 
F. The 


moduli were about 12 percent; the tensile modulus 


changes in flexural and compressive 


changes were 22 percent. The over-all changes 
in the moduli of elasticity of the asbestos-fabric 
laminate for the temperature range 70° to 200° F 
were approximately 30 percent; there was no 
regularity in these changes. 


6. Variation of Strength Properties of Laminates 
With Orientation of Specimen 


Four of the nine samples tested, the two glass- 
fabric laminates, the asbestos-fabric laminate, and 
the Grade C 


construction 


laminate, I2, were of parallel-ply 


table 1). The most pronounced 
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difference in strength properties between speci- 
mens taken from the principal directions of the 
sheet was observed in the asbestos-fabric laminate, 
K2. The other three parallel-ply samples showed 
differences in strength with direction of testing, 
but not for all types of tests as did the asbestos- 
fabric laminate 

In the impact tests, directional properties were 
observed for the parallel-ply laminates, 12 and K2. 
The asbestos-fabric sample, K2, for which the 
effect was greatest, exhibited an impact strength 
in the crosswise direction less than half of the 
corresponding value in the lengthwise direction. 

For all samples the impact strength for speci- 
mens struck edgewise was lower than that of 
specimens of the same sample tested flatwise. 
For a given orientation of specimens in the sheet 
the ratio of edgewise to the flatwise impact strength 
was very nearly constant for a given material over 
the range of temperature employed. These ratios 
are given in table 7. The mean value of this 
ratio was 0.5 to 0.6 for the cotton-fabric laminates, 
0.2 for the paper laminate, 0.8 for the asbestos- 
fabric laminate, and about 0.4 for the ravon- 
fabric laminate. The data of Meyer and Erickson 
[4] for cross-ply high-strength-paper laminate give 
a value of 0.19 for this ratio at the various test 


temperatures, 


The following ratios have been calculated fron 
impact data reported by Witt, Wolfe, and Rust [6 


Average 
ratio of 
edgewise 
impact 
strengt h to 
flat wise 





Material designation 





impact 

strength 
Grade C, high-pressure (11 samples 0. 57 
Grade C, low-pressure (6 samples 53 
Grade AA (5 samples S4 
Grade L (10 samples (7 


Each of these phenolic laminates was tested a 
three temperatures, —70°, 77°, and 160° F, in bot! 
the lengthwise and crosswise directions. Thess 
data agree with the data given in table 7 

The effect of orientation on the flexural stress 
deflection curves is shown in figures 37 to 39 fo 
samples that have pronounced directional behay 
ior. The asbestos-fabric sample, K2, had a flexural 
strength crosswise that was of the order of 55 pel 
cent of that lengthwise (fig. 37 The two glass 
fabric laminates had flexural strengths crosswis: 
about 85 percent of those lengthwise. All of th 
other samples, both parallel-ply and cross-ply, had 


flexural strengths in the crosswise direetion almost 


TABI I 7 Ratio or edgewise mpact strength lo flatwise mpact st ength for -in.-thiel aminates at rio lemperat 
Ra i M 
Ma 0 at 1M i 
t t t WW” F t 
, I I hw ( ’ ( t i 
" 
. ( “ ‘ % 
i tl H ) 
' 1 ‘ 7 
V2, Low ( " C pl ‘ 
( w l “ 
W High- ( I hw i7 is 
( “ ‘ 7 ol ”) 
Grade C pt I hw 2 ~ Py 
( x re 61 s 6l 
72, Ra ton-fal } Length wise i Ig 38 
: i w ise il f 4 30 
82, High-strength-paper pher I hw l 17 ») , 1 
; . ‘ wise 1 18 21 1 
K2, Asbestos-fabric phen Lengthw ry 0 4 &2 ‘ 
, if sw a ri 80 as 
I hw 2 
A B2, Glass-fabric unsaturated- - 
( W ise 2 
® This table was computed from data in table 2. 
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jual to those in the lengthwise direction 
exural properties of the Z2 rayon-fabric and AB2 


ass-fabric laminates were greatly reduced for the 
5° direction, as is evident from figures 38 and 39 
‘he ratio of edgewise to flatwise flexural strength 
is nearly 1.0 for all of the samples except the 
lass-fabric laminate, AB2, for which the edgewise 
lexural strength was greater. The flexural modu- 
is of elasticity of the high-strength-paper lami- 
ite, S2, was about 10 to 15 percent greater edge- 
se than flatwise, but in all the other samples 
ere was little difference between the edgewise 
id flatwise flexural moduli of elasticity. 

The 


rengths and secant moduli of elasticity for the 


variations of tensile and compressive 
arious materials in the lengthwise, crosswise, and 

diagonal directions are shown in figures 40 to 

In general, the tensile strength and the ten- 
e and compressive secant moduli of elasticity 
f the cotton-fabric and the high-strength-papet 
iminates showed small variations with the diree- 


on of test The diagonal values were about 10 


» 20 percent lower than the other values 
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Picture 40 Tensile strengths for the lengthwise (L), cross- 


mise C'), and 445 diagona D) directions of Ve-in.-thick 


aminates 








rypes laminates a 1/ nN sbric unsaturated-polyester; 7, rayon 
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AB Z Ss K . v Ww 
Figure 41 Tensile 


wise (L , crosswise (CC), and 45 


length- 


modu of elasticity for 


diagonal (D 


secadn 
directions 


of \e-tn.-thick laminates 


Stress ranges: 0 to 5,000 ]b infor 4B, 7S o2540lbin' for ALL. Vu 
rypes of laminates shown are 18, glass-fabric unsaturated-polyester; 7, 
rayon-cotton-fabric phenolic; S, higt ngth-paper phenolic; A, ashestos- 





fabric phenolic; L, low-pressure cotton-fabric phenolic; VV, low-pressure Grade 


C phenolic; W, bigh-pressure Grade C phet 
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FIGURE 12 Compresswe strengths for lengthwise / 


CTOSSWIRE ( , and 15° diagonal D) directions of 


thick laminates. 


'ypes of laminates shown are: AB, glass-fabric unsaturated-polye 


7, rayon-cotton-fabric phenolic; S, high-strength-paper phenolic; A, ashe 


fabric phenolic; J, Grade C phenolic; L, low-pressure cotton-fabrie phet I 
1’, low-pressure CGirade C phenolic; W, high-pressure Grade C pher 9 

The ravon-fabric and the glass-fabric laminates lk 
similarly to their behavior in flexure, showed I; 
large variations in tensile strength and tensile and d 
compressive moduli with the direction of test t 
The diagonal values were as low as 30 to 50 t] 
percent of the lengthwise values. The rayon 0 
fabric sample, although a crossed-ply laminat: II 
showed the greatest variation between the length 1 
wise and crosswise values of tensile modulus of ft 
elasticity. 

In the asbestos-fabric sample, a parallel-ply " 
laminate, the tensile strength and the tensile an n 
compressive moduli were greatest in the lengt! lat 
wise, least in the crosswise, and intermedia! fa 
in the diagonal directions (fig. 40). ¢ 

———_—— i 


* This may be explained as follows: The rayon fabric, of higher 


ind modulus of elasticity than the resin, was practically unidirecti 


strength In the %-in. thickness there were four plies lengthwise to 


CTOSSW ist if the modulus of elasticity of the resin, small compared t 


fabric, is neglected, the ratio of lengthwise to crosswise tensile modu 


elasticity should be 1 the measured ratio was 1.18 Applicatior 


} 


same idea to the compressive moduli, where the specimen has 12 lengt 


ind 11 crosswise plies, indicates a corresponding ratio of 1.09; the 1 
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In all samples, the compressive strength varied 


ss with direction than the tensile strength. For 


given sample, the compressive strengths for the 

three directions of test differed by 10 percent or 

ss. The only exception was the glass-fabric 

auminate whose compressive strength in the 45°- 

liagonal direction was only 60 percent of that in 

the lengthwise direction Moreover, except for 

he glass-fabric laminate, the compressive strengths 

f the laminates were within 10 percent of 21,000 

bin.*; the tensile strengths of these same lami- 

| ates (excluding the glass-fabric laminate) ranged 
0 from 5,000 to 32,000 Ib/in.* 

The relative constancy of compressive strength 

vith variation of direction and reinforcement 

ndicates that the strength of the resin is the major 

factor in determining the compressive strength of 

ibric and paper laminates. This conclusion was 

ached by Erickson and Mackin (see p. 268 and 

bles 1 and 2, {19]) in regard to a parallel-ply high- 


Witt, Wolfe, and Rust 


showed that, although the average lengthwise 


rength-paper laminate. 


nsile strength for ten Grade L laminates was 
percent greater than the average crosswise 
nsile strength, and for eleven Grade C laminates 


percent greater, the difference in compressive 
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strengths of the different directions of the two 


materials was less than 3 percent. 
7. Strain at Failure 


Except for the asbestos-fabric laminates, the 
elongation at failure in tension (table 8) was the 
same for the lengthwise and crosswise directions 
and greatest for the 45°-diagonal direction. The 
greatest clongations in tension were those of the 
two low-pressure cotton-fabric laminates, L1 and 
V1, and the glass-fabric laminate in the 45°- 
diagonal direction. 

Table 8 also shows that, in compression, the 
maximum strain at failure occurred in the 45°- 
diagonal direction In general, the strain at 
failure in compression was greater than in tension 
for the same sample and orientation of specimen. 


The elongation in tension for the cellulose 


TABLE 8 Strain at farlure n tension and compression 
le ; n 
rotal strain of fa 
Material desienatios Onrientatior f I ( 
pecimet! | 
Zin 
I I k I 
Per / Per Pe 
ent uf cent ¢ 
I Low-pr jis gthw ; 1 4.2 2 
it pl \ ssw 1s 
I 145 1 ] a 7 
I hw ) s 
V, Low- Gra 2 ‘ : 
( w ise 
( . 
. 145° d al 8 4 
{I 4 28 s 
W, High-pressure Grade | . 
( " 18 ) 5 
C pher ' } 
; \4 l i s 
I, Grade C pl I hwise 
parallel 
iL hw s $ ‘ 
Z, Ray n-fat 
( wise ; 4 s 
pher 
‘ ‘ i ‘ 
il “ 2 ‘ 
S, Hig 1gth - pape } 
( “ 
} 
. s \4 i ‘ 2 
I ‘ s 
K, Asbestos-fabric | | 
, =a ( “ 
ic, parallel J 
. [45° dia { 
AB, G fat 1 " |! hw s 
ted] ( ‘ 
ply las i ‘ 8.2 
. “ le & ~ I ’ 
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laminates was greater at 77° F than at either 

70° or 200° F. The deflection at failure in 
flexural testing was greater at 77° F than at 
either —70° or 200° F for the six cellulose lami- 
nates (figs. 14 to 17 Meyer and Erickson [4] 
have shown that the elongation at failure in 
tension of a high-strength-paper laminate increases 
directly with the moisture content of the laminate. 
Therefore, part of the increase in brittleness of the 
cellulose laminates at 200° F may be due to the 
decrease in moisture content of the laminates 


caused by 24-hr conditioning at 200° F. 


V. Conclusions 


The Izod Impact strength-temperature trend 
of the laminated plastics is different for the various 
types of reinforcement. The glass-fabrie lami- 
nates decrease steadily in impact strength with 
increasing temperature, the value of 200° F being 
about 70 pereent of the 70° value The asbes- 
tos-fabrie, rayon-fabrie, and high-strength-paper 


laminates show little variation in impact strength 


between 70° and 200° F. The cotton-fabrie 
laminates exhibit increasing impact strength with 
temperature, roughly doubling their impact 
strength between 70° and 200° F 


The Izod impact-strength values for the rayon- 
fabric and the glass-fabric laminates are much 
greater than for the other materials, 

An increase in flexural properties occurs for all 
the samples at low temperature, and at high tem- 
perature, a decrease occurs for all the samples 
except the asbestos fabric laminate, which shows 
ho ¢ hange 

The high-strength-paper anc two glass-fabric 
laminates are outstanding in flexural properties. 
When the samples are compared on the basis of 
specific strength values, the paper and ravon- 
fabric laminates are superior to the others. 

The low-pressure Grade C phenolic laminate, 


V2, compares favorably in flexural strength prop- 


erties with the high-pressure laminate, W2, made 
with the same reinforcement, especially when the 
comparison is made in terms of specific strength 
properties 

The tensile and compressive strengths and 
moduli of elasticity of all laminates increase at 
low temperature and decrease at high tempera- 
ture relative to the values at 77° F. 

For all laminates, except the asbestos-fabric 
product, the tensile and compressive strengths at 
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200° F are approximately half of the correspond 
ing values at —70° F. The changes in the strengt! 
values of the asbestos-fabric product are mucl 
smaller and less than for any other kaminate. 
For the cellulose laminates, the increase in 
compressive strength at the low temperature j 
much greater in magnitude than the decrease a 
the high temperature; the tensile strength varia 
tion, however, is less at the low temperatur 
than at the high temperature. The tensile an 





flexural strengths of these samples exhibit sim 
lar temperature changes. 

The tensile and compressive moduli of a 
samples increase more at the low temperature tha 
they decrease at the high temperature. Excep 
for the high-strength-paper laminate, the over-a 
changes are greater for the cellulose than for th 
mineral-tvpe laminates. The high-strength-pape 
asbestos-fabric, and glass-fabric laminates sho 
about the same over-all variation of tensile an 
compressive moduli with temperature 

The tensile strengths of the high-strength-pap 
ravon-fabric, and glass-fabric laminates are abou 
three times greater than those of the cotton-fabr 
and asbestos-fabrice phenolics. 

The glass-fabric laminate is) outstanding 
compressive strength; at 77° F its strength 
36,000 and 42,000 Ib in.’, respectively, in the cross 
wise and lengthwise directions. The compressiy 
strength of the other laminates is 21,000 Ibi 
within about 10 percent 

The tensile and compressive moduli of elastic 
of the glass-fabric and high-strength-paper lat 
Inates are greater than for the other materials 
all temperatures and are in the range 2,600,000 
3.300.000 Ib in 

The flexural properties of plastic laminates 
high temperature are not a function of tempx 
ature alone, but may be affected by further « 
of the resin and loss of moisture content Tl 
effect of high humidity in addition to an elevat 
temperature may be much different from = t! 
effect of the elevated temperature alone 
severe loss in strength was noted for the hig 
strength-paper and one low-pressure cotton-fabi 
laminate at 150 EF and 90-percent relat 
humidity 

The ratio of edgewise to flatwise impact streng 
for the ‘'s-in.-thick phenolic laminates tested 
nearly constant over the range of temperatur 

70° to 200° F 


Journal of Resear« 











VI. References 


P. M. Field, Basie physical properties of laminates 
Modern Plastics 20, 91, 126, 128, 130 (Aug. 1943 

Yr. T. Oberg, R. T. Sehwartz, and D. A. Shim 
Mechanical properties of plastic materials at nor 
mal and subnormal temperatures, Air Corps Tec 
Report No. 4648 (June 6, 1941 Modern Plastics 
20, 87, 122, 124, 126, 128 (Apr. 1943 

P. Nore and W. H. Gard, Temperature effect 


strength of laminates, Ind. Eng. Chem. 37, 580 
1945 

H. R. Mever and E. C. O. Erickson, Factors affecting 
the strength of papreg Some strength properties 


at elevated and subnormal temperatures, Forest 
Products Laboratory Report No. 1521 (Jan. 1945 
W. C. Renwick, Properties of plastic laminates, Part 
VI Naval Air Exp. Sta. Report TED NAM 
252170 (June 3, 1944 

Kk. Witt, P. D. Wolfe, and D. W. Rust, Report o1 
he NEMA laminated plastics test project at the 
Johr Hopkins Univ Nov. 1945 Also R. K 
Witt, P. D. Wolfe, and D. W. Rust, Cotton fabric 
aminate Modern Plastics 25, 123, 184 (May 1948 


f 


I B. Fuller, Engineering properties of plasties 
Modern Plastics 20, 95, 130 (June 1943 

1). A. Shinn, Impact data for plastic materials at 
ario temperatures, Air Corps Tech. Report No 
5012 (Aug. 9, 1943); Modern Plastics 22, 145, 184 


W.N. Findlev and W_ J. Worlev, Mechanica proper 
aminated plastics NACA leet 

Note No. 1560 (Aug. 1948). 
J. Marin, Static and dynamic properties of laminated 


plasties for various types of stress. NACA Teel 


roperties of Laminated Plastics 


{17 


J. J. Lamb and B. M. Axilrod, Tensile stress-strair 


relationships of laminated plastics for small strains 
ASTM Bulletin No. 151, p. 59 to 66 (Mar. 1948 

W. A. Crouse, D. C. Caudill, and F. W. Reinhart 
Effect of simulated service conditions on plasties 
NACA Tech. Note No. 1240 (July 1947 liffect 
of simulated service conditions on plastics during 
accelerated and 2-vear weathering tests NACA 
lech. Note No. 1438 (May 1948 

W. N. Findley, C. H. Adams, and W. J. Worley, The 


effect of temperature on the creep of two laminated 


plastics. Presented at the June 1948 annual meet 
ing of the American Society for Testing Materials 

Federal Specification L-P-406a, Plastics, Organic 
Creneral spe cifications lest Methods Jar 24 
1944 Government Printing Offices Washington 
25 1) © price 15 cents 


BR. M. Axilrod, R. W. Thiebeau, and G. Ek. Brenner 
A variable-span flexure test jig for plastic speci 
mens ASTM Bulletin No. 148, p. 96 to 99 (Oct 
1947 

C.S. Aitchison and J. A. Miller, A subpress for com 
pressive tests NACA Tech. Note No. 912 (De 
1943 

( 1). Jones, Physical properties of Fiberglas rein 
forced low-pressure laminated plastics Owens 
Corning Fiberglas Corporation Research Labora 
tories Report to Aircraft Laboraroty, Wright Field 
Feb. 4, 1944 

Kk. O. Hausmann, A. E. Parkinson, and G. H. Mains 
Heat resistance of laminated plastics, Moder 
Plastics 22, 151, 190, 192, 194, 196, 198 (Nov. 1944 

Kk. C. O. Erickson and G. Fk. Mackin, Properties and 
development of papre a high-strength laminated 


y 
paper plastic, Trans. ASME 67, 267 (1945 


Wasaincton, May 23, 1949 


289 





